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Preface to ”Drug Delivery Systems Based on

Polysaccharides”

We live in a constantly changing society in which life expectancy has continuously increased,

and therefore important health issues need to be solved. The development of nanotechnology

with applications in the medical field—nanomedicine—has been proven to have strong therapeutic

potential, especially by combining drugs with natural polymers, polysaccharides being most

commonly used in the development of sustained/controlled release systems of biologically active

principles. Polymeric nanoparticles loaded with drugs can actively target various diseases, being

able to penetrate cells more effectively or succeed in overcoming some physiological barriers such as

the blood–brain barrier. Drug-loaded hydrogels are used to treat dermal and dental conditions, and

can act as scaffolds for the development of cell cultures with applications in tissue engineering. The

recent literature abounds with articles discussing aspects of obtaining new polymer drug systems and

their use in various biomedical applications.

The editors of this special edition of the journal Molecules, entitled Drug Delivery Systems Based on

Polysaccharides are researchers with decades of experience in this field, and they consider justified

and useful these several articles which report recent results of drug delivery systems based on

polysaccharides and derivatives, respectively, and their biomedical applications.

The authors of the articles are experts in the field, and the editors express their gratitude for the

kindness and promptness with which they responded to the call to contribute the recently obtained

results of their research to this specific edition of the journal Molecules.

Marcel Popa, Leonard Ionut Atanase

Editors
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Abstract: New polymer-bioactive compound systems were obtained by immobilization of triazole
derivatives onto grafted copolymers and grafted copolymers carrying betaine units based on gellan
and N-vinylimidazole. For preparation of bioactive compound, two new types of heterocyclic thio-
derivatives with different substituents were combined in a single molecule to increase the selectivity
of the biological action. The 5-aryl-amino-1,3,4 thiadiazole and 5-mercapto-1,2,4-triazole derivatives,
each containing 2-mercapto-benzoxazole nucleus, were prepared by an intramolecular cyclization
of thiosemicarbazides-1,4 disubstituted in acidic and basic medium. The structures of the new
bioactive compounds were confirmed by elemental and spectral analysis (FT-IR and 1H-NMR). The
antimicrobial activity of 1,3,4 thiadiazoles and 1,2,4 triazoles was tested on gram-positive and gram-
negative bacteria. The triazole compound was chosen to be immobilized onto polymeric particles by
adsorption. The Langmuir, Freundlich, and Dubinin–Radushkevich adsorption isotherm were used
to describe the adsorption equilibrium. Also, the pseudo-first and pseudo-second models were used
to elucidate the adsorption mechanism of triazole onto grafted copolymer based on N-vinylimidazole
and gellan (PG copolymer) and grafted copolymers carrying betaine units (PGB1 copolymer). In vitro
release studies have shown that the release mechanism of triazole from PG and PGB1 copolymers is
characteristic of an anomalous transport mechanism.

Keywords: grafted copolymer; triazole derivative; adsorption studies

1. Introduction

The design of new bioactive compounds that can be immobilized onto a polymeric
support to achieve a controlled/sustained release and to find a way to treat some diseases
represents an important goal in medical and pharmaceutical research [1,2].

Depending on the radicals present on the heterocycle, the organic compounds that
contain in their molecule 1,3,4-thiadiazole and 1,2,4-triazole heterocycles have gained a
remarkable interest due to their different biological properties, such as: antibacterial [3–5],

Molecules 2021, 26, 3330. https://doi.org/10.3390/molecules26113330 https://www.mdpi.com/journal/molecules
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antifungal [6–9], tuberculostatic [10,11], analgesic [12,13], anti-inflammatory [14,15], hyp-
notic and sedative [16], cardioprotective [17], anticancer [18–22], anti-ulcerative [23], anti-
convulsant [24], antidiabetic agents [25], allosteric modulators [26], and cathepsin B and
tubulin inhibitors [27,28].

At the same time, the addition of a benzoxazole structure can be useful for the im-
provement of the biological activity. An argument in favor of this statement is that the
compounds with benzoxazole heterocycle in their structure have practically the same
biological properties like thiadiazole and triazole derivatives, such as antimicrobial, anti-
fungal, antiviral, anti-inflammatory, antipyretic, analgesic, anticonvulsant, tuberculostatic,
and antitumor agents [29–36]. Benzoxazole and triazole heterocyclic rings played an im-
portant role in the improving of antimicrobial and anticancer activity of the bioactive
compounds [37].

These facts served as an argument in the synthesis of new heterocyclic compounds con-
taining 1,3,4-thiadiazole and 1,2,4-triazole nucleus and the rest of 2-mercaptobenzoxazole,
considering their mutual influence as well as the biological effect that can be generated
throughout the molecule.

Although the researches on compounds with a benzoxazole structure are multiple
and varied [38–41], some aspects of the synthesis and studies of these types of compounds
in which both thiadiazole and triazole structures are grafted on the aromatic heterocycle,
2-mercaptobenzoxazole, have not been studied. Based on this premise, we expanded our
research to the synthesis of new derivatives of 1,3,4-thiadiazole and 1,2,4-triazole classes of
compounds using 1,4-disubstituted thiosemicarbazides as intermediates.

Also, the choice of macromolecular support for immobilization of bioactive com-
pounds is very important. Encouraged by the preliminary results obtained in our previous
study [42], we chose to use for the immobilization of these new bioactive compounds two
types of macromolecular supports: grafted copolymers and grafted copolymers carrying
betaine units based on gellan and N-vinylimidazole (PG and PGB1, respectively). The
structure of PG and PGB1 copolymers are presented in Figure 1.

Figure 1. Chemical structure of PG and PGB1 graft porous copolymers.

In this paper, our investigations were directed to the following directions:

• Synthesis of new bioactive compounds in which thiadiazole and triazole structures
are grafted onto the aromatic heterocycle, 2-mercaptobenzoxazole, followed by the
choice of the compound with the best biological properties in order to be immobilized
on a polymeric support;

• Synthesis of new polymer-bioactive compound systems; and
• Detailed studies on the immobilization of the bioactive compound by adsorption on

grafted copolymers and those containing the betaine structure.
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2. Results and Discussion

2.1. Synthesis of Thiadiazole and Triazole Derivatives

Among the heterocyclic combinations, the 1,3,4-thiadiazole and 1,2,4-triazole deriva-
tives present a remarkable application interest. The synthesis of 1,3,4-thiadiazole and
1,2,4-triazole derivatives were performed in several steps as follows:

Step 1. Synthesis of 1-(benzoxazole-2′-yl-mercapto-acetyl)-4-aryl-thiosemicarbazides
(II–VII) was performed in methanol solution by heating a mixture of benzoxazolyl-2-
mercapto-acetic acid hydrazide (I) [43] with various types of isothiocyanate derivatives:
phenyl, p-tolyl, p-methoxyphenyl, p-bromophenyl, p-chlorophenyl, and p-iodofenil, ac-
cording to the procedures described in our previous papers for other types of thiosemicar-
bazides (Figure 2) [4,44,45].

Figure 2. Synthesis of 1-(benzoxazole-2′-yl-mercapto-acetyl)-4-aryl-thiosemicarbazides (II-VII).

The structure elucidation of the compounds II–VII was carried out by elemental
analysis as well as by spectroscopic methods (FT-IR and 1H-NMR).

The results obtained from the elemental analysis as well as the chemical formula and
the yield of reaction of all bioactive compounds synthesized in this paper (compounds
II-XIX) are presented in Table 1.

Table 1. Some characteristics of compounds II–XIX.

Samples
Elemental Analysis, Calc (Found) (%) Chemical

Formula
Yield
(%)C H N S O Br Cl I

1,4-disubstituted thiosemicarbazides (compounds II–VII)

II 53.6
(53.9)

3.9
(4.2)

15.6
(16)

17.9
(18.2)

8.9
(7.7) - - - C16H14N4O2S2 65

III 54.8
(55.1)

4.3
(4.5)

15.1
(15.4)

17.2
(17.6)

8.6
(7.4) - - - C17H16N4O2S2 75

IV 52.6
(52.9)

4.1
(4.3)

14.4
(14.8)

16.4
(16,9)

12.5
(11.1) - - - C17H16N4O3S2 85

V 43.9
(44.1)

2.9
(3.2)

12.8
(12.9)

14.6
(15)

7.4
(6.3)

18.3
(18.6) - - C16H13N4O2S2Br 80

VI 48.9
(49)

3.3
(3.6)

14.3
(14.6)

16.3
(16.6)

8.2
(6.8) - 9

(9.5) - C16H13N4O2S2Cl 78

VII 39.7
(39.9)

2.7
(2.9)

11.6
(11.9)

13.2
(13.6)

6.6
(5.2) - - 26.2

(26.6) C16H13N4O2S2I 77

1,3,4-thiadiazoles (compounds VIII–XIII)

VIII 56.5
(56.6)

3.5
(3.8)

16.5
(16.8)

18.8
(19.2)

4.7
(3.6) - - - C16H12N4OS2 89

IX 57.6
(58)

4
(4.1)

15.8
(16.1)

18.1
(18.5)

4.5
(3.3) - - - C17H14N4OS2 83

X 52.1
(52.4)

3.8
(4)

15.1
(15.4)

17.3
(17.6)

11.7
(10.6) - - - C17H14N4O2S2 81

XI 45.8
(46.2)

2.6
(2.8)

13.4
(13.6)

15.3
(15.7)

22.9
(21.7)

19
(19.4) - - C16H11N4OS2Br 79

XII 51.3
(51.4)

2.9
(3.1)

15
(15.3)

17.1
(17.4)

13.7
(12.8) - 9.5

(9.7) - C16H11N4OS2Cl 74

XIII 41.2
(41.5)

2.4
(2.6)

12
(12.3)

13.7
(14.1)

30.7
(29.2) - - 27.3

(27.5) C16H11N4OS2I 71

3
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Table 1. Cont.

Samples
Elemental Analysis, Calc (Found) (%) Chemical

Formula
Yield
(%)C H N S O Br Cl I

1,2,4-triazoles (compounds XIV–XIX)

XIV 56.5
(56.7)

3.5
(3.9)

16.5
(16.9)

18.8
(19.2)

4.7
(3.3) - - - C16H12N4OS2 66

XV 57.6
(57.8)

4
(4.3)

15.8
(16.2)

18.1
(18.3)

4.5
(3.4) - - - C17H14N4OS2 74

XVI 55.1
(55.3)

3.8
(4)

15.1
(15.5)

17.3
(17.7)

8.7
(7.5) - - - C17H14N4O2S2 88

XVII 45.8
(46)

2.6
(3)

13.4
(13.7)

15.3
(15.7)

22.9
(21.6)

19
(19.3) - - C16H11N4OS2Br 79

XVIII 51.3
(51.4)

2.9
(3.3)

15
(15.2)

17.1
(17.4)

13.7
(12.7) - 9.5

(9.9) - C16H11N4OS2Cl 77

XIX 41.2
(41.4)

2.4
(2.5)

12
(12.4)

13.7
(14)

30.7
(29.7) - - 27.3

(27.6) C16H11N4OS2I 74

In the FT-IR spectra (Figure not shown), the following characteristic absorption bands
can be observed: 700–749 cm−1 assigned to the C-S stretching vibration; 1400–1498 cm−1

attributed to the CH2 bending vibration; 1620–1704 cm−1 assigned to the C=O stretching
vibrations; the C=S stretching vibration was observed at 1120–1150 cm−1; NH stretching
vibration appears at 2880–3150 cm−1; the absorption bands of the mono and disubstituted
aromatic rings were identified in the region of 680–789 cm−1; and the C-Br, C-Cl, and C-I
stretching vibrations appear at 629 cm−1, 725 cm−1, and 630 cm−1, respectively.

In the 1H-NMR spectra, the two methylene protons generate a singlet at δ = 4.25–4.60 ppm
and at δ = 8.67–8.89 ppm, while the protons from the -NH group appear at 10.06–10.85 ppm.
The aromatic protons in phenyl and benzoxazole appear within the range 6.50–7.92 ppm.
The protons belonging to the methyl groups are identified at δ = 2.11 ppm for the compound
III and at δ = 3.38 ppm for the thiosemicarbazide IV (Figure 3).

Step 2. Synthesis of new 1,3,4-thiadiazoles and 1,2,4-triazoles starting from 1,4-
disubstituted-thiosemicarbazides (compounds II–VII). The 5-aryl-amino-2-substituted-
1,3,4-thiadiazoles (compounds VIII–XIII) were obtained by intramolecular cyclization in
concentrated sulfuric acid medium, while the 5-mercapto-3,4-disubstituted -1,2,4-triazoles
(compounds XIV–XIX) were prepared under the catalytic action of hydroxyl ions, according
to our previously work described in literature (Figure 4) [4,44–47].

The idea of synthesis of grafted 1,3,4-thiadiazoles on the 2-mercapto-benzoxazole
molecule is an extremely interesting possibility to find new derivatives, which can be active
against some microbial strains.

The mechanism of the synthesis reaction of these types of heterocyclic compounds is
presented in Figure 5 and contains the following steps:

In case of 1,2,4-triazoles, the mechanism of cyclization in the presence of hydroxyl
ions (Figure 6) begins with the hydrogen extraction from the nitrogen atom situated at
position 4 of 1,4-disubstituted thiosemicarbazide, which has an increased mobility due
to the p-π conjugation between the lone pair electrons belonging to the nitrogen atom
and the π electrons of thionic bond or of benzene nucleus, respectively. As a result of this
conjugation, a negative charge appears on the nitrogen atom from position 4 that can be
in equilibrium with another anion formed at the sulfur atom. In this mesomer ion, the
negatively charged nitrogen atom (more stable) attacks the carbon belonging to the carbonyl
group simultaneously with π electron delocalization, leading to the formation of the five-
membered heterocycle, the negative charge being located at the oxygen atom outside
the ring. This structure is stabilized by eliminating the hydroxyl group in the reaction
medium leading to the formation of 5-mercapto-1,2,4-triazole structure. Depending on
the preparation conditions and the reactant nature, as well as due to the presence of
thioamide group in triazole molecule, 5-mercapto-3,4 disubstituted-1,2,4-triazoles show

4
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the phenomenon of double reactivity, reacting as if they had a thionic structure (A) or a
thiol structure (B). This behavior explains the presence of a reaction center at the sulfur
atom from 5-position of five-membered heterocycle [48].

Figure 3. 1H-NMR spectra of 1-(benzoxazole-2′-yl-mercapto-acetyl)-4-(p-methoxyphenyl)-thiosemicarbazide (compound IV).

Figure 4. Synthesis of 1,3,4-thiadiazoles (compounds VIII–XIII) and 1,2,4-triazoles (compounds XIV–XIX).

Figure 5. Intramolecular cyclization mechanism of reaction synthesis of 5-aryl-amino-2-substituted-1,3,4-thiadiazoles.

5
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Figure 6. Cyclization mechanism of reaction synthesis of 5-mercapto-3,4-disubstituted-1,2,4-triazoles.

In order to obtain the information about the structure of 1,3,4-thiadiazoles (compounds
VIII–XIII) and 1,2,4-triazoles (compounds XIV–XIX), the elemental analysis (Table 1) as
well as the FT-IR (Figure 7) and 1H-NMR spectra (Figure 8) were performed.

Generally, in FT-IR spectra of the 1,3,4-thiadiazole (compounds VIII–XIII), the fol-
lowing absorption bands can be observed: the absorption bands at 3318–2880 cm−1 cor-
responding to the NH stretching vibrations; the absorption band at 1438–1462 cm−1 can
be attributed to the stretching vibration of -N=C-S group; the bending vibration of the
CH2 group has been assigned to the absorption bands situated between 1401–1496 cm−1;
characteristic CH bands from mono and disubstituted benzene nucleus are assigned to
the absorption band situated in the range of 680–789 cm−1; and the C-Br, C-Cl, and C-I
stretching vibrations appear at 629, 725, and 630 cm−1, respectively.

In the case of 1,2,4-triazole derivatives, the FT-IR spectra of the compounds XIV–XIX
present a wide band at 3553 cm−1 due to the NH stretching vibrations; 1613–1628 cm−1

corresponding to the C=N stretching vibration; the C=S group appears at 1490–1495 cm−1

while the bands at 837–942 cm−1 can be attributed to the para-disubstituted benzene
nucleus; the S-CH2 stretching vibration has been assigned to an adsorption band at
765–785 cm−1; and the C-Br, C-Cl, and C-I stretching vibrations show maximum adsorption
bands at 753, 746, and 748 cm−1, respectively.

For example, in Figure 7, the spectra of compound VIII (a) and compound XVI (b),
respectively, are presented.

1H-NMR spectra bring additional arguments regarding the structure of the obtained
organic compounds. In case of 1,3,4-thiadiazole derivatives, the protons of the CH2 group
bound to the sulfur atom situated at position 2′ of the benzoxazole nucleus appear as a
singlet in the region of 4.25–4.53 ppm. The proton bound to the nitrogen could be detected
as a singlet in the region 10.27–10.98 ppm. For all types of 1,3,4-thiadiazoles, aromatic
protons appear at 6.91–7.56 ppm and 8.21–8.57 ppm, respectively. The protons of the
methyl group in 1,3,4-thiadiazoles (compounds IX and X) are found as a triplet at 2.98 and
3.38 ppm, respectively.

The 1H-NMR spectra of 1,3,4-thiadiazoles (compound VIII) and 1,2,4-triazoles (com-
pound XVI) are presented in Figure 8.

The 1H-NMR spectra of the 1,2,4-triazole derivatives (compounds XIV–XIX) present a
singlet due to the protons of the CH2 group at 4.17–4.18 ppm, while at 14.04–14.33 ppm is
observed a singlet specific to the proton belonging to the NH group. For all 1,2,4-triazoles,
the aromatic protons appear at 6.99–7.85 ppm, and for compounds XV and XVI, the protons
of the methyl group appear at 2.43 and 3.43 ppm, respectively.
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Figure 7. FT-IR spectrum of (a) 1,3,4-thiadiazoles (compound VIII) and (b) 1,2,4-triazole (compound XVI).

Figure 8. 1H-NMR spectra of (a) 1,3,4-thiadiazoles (compound VIII) and (b) 1,2,4-triazoles (compound XVI).

2.2. Antibacterial Activities of Bioactive Compounds

The antimicrobial activity of 1,3,4 thiadiazoles and 1,2,4 triazoles was tested according
to the National Committee for Clinical Laboratory Standards Institute NCCLS Approval
Standard Document M2-A5, Vilanova, PA, USA (2000), on the following microbial strains:
gram-positive bacteria (Staphylococcus aureus (ATCC-2593), Bacillus subtilis (ATCC-6638),
Bacillus cereus (ATCC-10876)) and gram-negative bacteria (Salmonella enteritidis (P-1131)
and Escherichia coli (ATCC-25922)).
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The results regarding the antimicrobial activity of the bioactive compounds synthe-
sized can be seen in Table 2.

Table 2. Antibacterial spectra of 1,3,4-thiadiazoles and 1,2,4- triazoles.

Sample Code
Time for

Thermostating
(h)

Staphylococcus
aureus Bacillus subtilis Bacillus cereus Salmonella

enteritidis Escherichia coli

mg/mL mg/mL mg/mL mg/mL mg/mL

1 0.5 0.25 1 0.5 0.25 1 0.5 0.25 1 0.5 0.25 1 0.5 0.25

VIII
24 - + • - - • + + + + + + - - •
48 - - - - - • - + + + + + - • •

IX
24 • • - • • + + + + + + + - • •
48 • • - • • + + + + + + + • • •

X
24 • • • • • - + - - + + + - - •
48 • • • • + - + + + + + - • • •

XI
24 + • • • • • + + + + + + • • •
48 + • + • • + + + + + + + • • •

XII
24 • • • • • + + + + + + + • • •
48 • + • • • + + + + + + + • • •

XIII
24 • + • • • + + + + + + + • • •
48 • + • • • + + + + + + + • • •

XIV
24 - • • - - - - • • - - - - - -
48 • + + • + + + + + - - - - - -

XV
24 - - - - - - • • • - - - - - -
48 - • • - - - + + + - - - - - -

XVI
24 - - - - - - • • • - - - - - -
48 - - • - - - + + + - - - - - -

XVII
24 • • • • • • • • • • • • • • •
48 + + + + + + + + + + + + + + +

XVIII
24 • • • • • • • • • • • • • • •
48 + + + + + + + + + + + + + + +

XIX
24 • • • • • • • • • • • • - • •
48 + + + + + + + + + + + + + + +

Kanamycine 24 - - - - - - - - - - - + - - -
48 - - - - - - - - • - - + - - +

- no growth; • moderate growth; + normal growth.

Experimental data shows that 1,3,4-thiadiazoles (compounds VIII–XIII) are sensitive
to Staphyloccocus aureus and present a moderate effect on Bacillus subtilis and Escherichia coli,
while the culture of Bacillus cereus and Salmonella enteritidis are resistant to the action of the
1,3,4-thiadiazole test.

The 1,2,4-triazoles (compounds XIV–XVI) have been shown to be strong inhibitors
on the growth of the bacteria Escherichia coli, Salmonella enteritidis, and Bacillus subtilis
in any concentration and regardless of the contact time, while against Staphylococcus
aureus and Bacillus cereus germs, the 1,2,4-triazoles show a moderate action. In contrast,
the 1,2,4-triazoles (compounds XVII–XIX) show a moderate action on all tested germs
only in a short period of contact time and at all concentrations. It can be stated that the
tested 1,3,4-thiadiazoles and 1,2,4-triazoles show appreciable antimicrobial activity against
microbial strains similar to that of the model drug, kanamycin.

2.3. Immobilization Studies of Triazoles

Among the new synthesized compounds, the 1,2,4-triazole derivative obtained with
the highest yield (88%) and the best antimicrobial activity, namely 3-(benzoxazole-2′-yl-
mercapto-methyl)-4-(p-methoxyphenyl)-5-mercapto-1,2,4-triazole (compound XVI), which
was selected for immobilization by sorption onto grafted copolymers.

The interaction between PG and PGB1 copolymers and compound XVI was high-
lighted by FT-IR spectroscopy (Figure 9).
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Figure 9. FT-IR spectra for (A) PG-T system; (B) PGB1-T system.

• For PG—1,2,4-triazole systems (PG-T), it can be observed some new absorption bands
as follows: the absorption band at 3140 cm−1 due to the stretching vibration of -NH
group; 1542 cm−1 assigned to the stretching vibration of C=S group; 1450 cm−1

corresponding to the stretching vibration of -N=C-S group; and 793 cm−1 assigned to
the stretching vibration of S-CH2 group.

• For PGB1—1,2,4-triazole systems (PGB1-T), the changes that occur in the FTIR spec-
trum are the following: the band vibration of 3439 cm−1 from PGB1 copolymer is
shifted in PGB1-T spectra to 3445 cm−1 due to the overlap of the absorption band of
-C=N+ group from PGB1 copolymer, with absorption band corresponding to the -NH
group belonging to the 1,2,4-triazole; absorption band at 832 cm−1 is assigned to the
stretching vibration of C-H out of plane bending.

Also, XRD and SEM studies were performed for a better characterization of PG-T
and PGB1-T systems. The XRD patterns of 1,2,4-triazole, PG-T, and PGB1-T are presented
in Figure 10.

The XRD analysis of PG-T and PGB1-T systems showed the combined signals of both
PG/PGB1 copolymers and 1,2,4-triazole, leading to the conclusion that the 1,2,4-triazole
was successfully immobilized onto polymeric supports.

Visualization of surface morphology of PG-T and PGB1-T systems was achieved
through SEM microscopy with a magnification of 1000, and the images are presented
in Figure 11.
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Figure 10. XRD patterns of 1,2,4-triazole, PG-T, and PGB1-T systems (a) and of PG and PGB1 copolymers (b).

 

Figure 11. SEM images for 1,2,4-triazole, PG-T, and PGB1-T systems.

From SEM images, it can be observed that the PG-T and PGB1-T systems appear to
have porous structures different from those of PG and PGB1 copolymers. The changes
in the surface morphologies of PG-T and PGB1-T systems indicate that the sorption of
1,2,4-triazole onto polymeric support occurred.

Generally, in order to evaluate a sorption process of bioactive compound, it is impor-
tant to consider two physico-chemical aspects, namely the equilibrium and the kinetics
of sorption.

2.3.1. Sorption Isotherms

To describe the interactions between sorbate and sorbent that occurs in sorption
processes, three model isotherms were used, namely: Langmuir, Freundlich, and Dubinin–
Radushkevich.

• Langmuir isotherm

The Langmuir isotherm describes the sorption in a homogeneous system [49] and is
given by the equation:

qe =
qm·KL·Ce

1 + KL·Ce
(1)
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where: qe represents the amount of 1,2,4-triazole sorbed at equilibrium (mg/g); qm repre-
sents the maximum amount sorbed (mg/g); Ce is the concentration of 1,2,4-triazole solution
at equilibrium (mg/L); and KL is the Langmuir constant that reflects the affinity between
sorbate and sorbent.

To determine whether the sorption system used is favorable or unfavorable to the
sorption, the equilibrium parameter RL, given by the equation [50], was also calculated:

RL =
1

1 + KL·Ci
(2)

where Ci represents the initial concentration. According to the literature [51], if RL < 1,
then the sorption is unfavorable, for RL = 1, the sorption is linear; if 0 < RL < 1, the sorption
is favorable or irreversible if RL = 0.

• Freundlich isotherm

Another model used in sorption studies is the Freudlich isotherm. This isotherm model
is applied in the case of multilayer sorption of sorbate on a heterogeneous surface [52]. The
Freundlich isotherm is described by the following equation:

qe = KF·C1/nf
e (3)

where KF is the Freundlich constant which represents the amount of 1,2,4-triazole sorbed
per gram of sorbent when the equilibrium concentration is equal to unity (L/g); 1/nf
indicates the type of isotherm as follows: favorable 0 < 1/nf < 1 or unfavorable 1/nf >1.

• Dubinin–Radushkevich isotherm

The Dubinin–Radushkevich isotherm is an empirical model designed to estimate
the apparent free energy of sorption as well as to differentiate between the physical and
chemical sorption process [53]. The Dubinin–Radushkevich model equation is given by the
following mathematical relation:

qe = qDR·exp

{
−β

[
RTln

(
1 +

1
Ce

)]2
}

(4)

where qDR represents the maximum amount sorbed (mg/g); β is the Dubinin–Radushkevich
constant (mol2/kJ2); R represents the ideal gas constant (R = 8.314 kJ/mol·K); and T is the
temperature (K).

The Dubinin–Radushkevich isotherm constant, β, is associated with the average free
sorption energy, E (kJ/mol), calculated using the following equation:

E = 1(2β)
1
2 (5)

The value of E is used to obtain information about the nature of the sorption process.
The sorption process can be physical when the E values are between 1 and 8 kJ/mol, ion
exchange for values of E between 8 and 16 kJ/mol, and chemical nature for values of E
greater that 16 kJ/mol [54].

The parameters of the studied isotherms as well as the values of the error functions
R2 and χ2 are presented in Table 3.
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Table 3. Parameter values corresponding to Langmuir, Freundlich, and Dubinin–Radushkevich isotherms calculated in case
of 1,2,4-triazole sorption on PG and PGB1 copolymers at different temperatures.

PG PGB1

298 303 308 298 303 308

Langmuir model
qm (mg/g) 478 533 636 537 616 685
KL (L/mg) 0.068 0.086 0.109 0.098 0.126 0.161

RL 0.01–0.29 0.01–0.25 0.10–0.20 0.01–0.22 0.01–0.18 0.004–0.15
χ2 3.324 2.613 3.429 2.700 2.010 2.150
R2 0.994 0.993 0.997 0.993 0.992 0.996

Freundlich model
KF (L/g) 0.457 0.512 0.617 0.528 0.602 0.673

1/nf 0.939 0.738 0.729 0.686 0.540 0.383
χ2 33.462 23.958 38.332 25.213 19.219 18.782
R2 0.911 0.920 0.915 0.913 0.921 0.914

Dubinin–Radushkevich model
qDR (mg/g) 463 521 629 532 612 679
E (kJ/mol) 1.099 1.561 2.171 1.357 2.608 3.714

χ2 0.402 0.359 0.413 0.371 0.226 0.277
R2 0.998 0.997 0.998 0.998 0.999 0.998

From data presented in Table 3, the following conclusions can be drawn:

• The theoretical values obtained for the maximum sorption capacity (qm) calculated on
the basis of the Langmuir isotherm are close to the experimental values qc (457, 512
and 618 mg 1,2,4-triazole /g PG copolymer and 529, 601 and 672 mg of 1,2,4-triazole
/g PGB1 copolymer);

• The values of the equilibrium parameter, RL, were in the range between 0 and 1,
thus confirming that the PG and PGB1 copolymers are favorable supports for the
sorption of 1,2,4-triazoleat at the three temperatures studied. It is also observed that
the KL values are higher in the case of the PGB1 copolymer than in the case of the PG
copolymer, which indicates a higher affinity of the PGB1 copolymer for 1,2,4-triazole;
this is in agreement with the highest sorption capacity obtained in the case of the
PGB1 copolymer;

• The values for R2 and χ2 are in the range of 0992–0.997 and 2.010–3.429, respectively,
indicating that the Langmuir isotherm describes well the experimental data;

• Although the values of 1/nf are in the range of 0–1, which indicates that the Fre-
undlich isotherm is favorable in the case of 1,2,4-triazolesorption onto PG and PGB1
copolymers, the small values of R2 (0.911 to 0.921) associated with high values of
χ2 (18.782–38.332) shows that the Freundlich isotherm does not describe well the
experimental data;

• The analysis of the parameter values obtained by applying the Dubinin–Radushkevich
isotherm shows that the qDR values are very close to the experimental values, which in-
dicates that this isotherm describes well the experimental data. This is also supported
by the fact that high values for R2 (0.997–0.999) and low values for χ2 (0.226–0.413)
were obtained, confirming that the Dubinin–Radushkevich isotherm describes very
well the sorption of 1,2,4-triazole onto PG and PGB1 copolymers;

• The calculated values of the average free energy of 1,2,4-triazole sorption onto PG
and PGB1 copolymers are in the range of 1.099–3.714 kJ/mol, which indicates that the
sorption process studied is physical in nature.

2.3.2. Thermodynamic Parameters

By means of thermodynamic parameters, such as Gibbs free energy change (ΔG),
enthalpy change (ΔH), and entropy change (ΔS), the mechanism and the type of sorption
process can be determined. Thus, according to the literature [55], it is known that in the case
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of physical sorption, the values of ΔH are less than 40 kJ/mol, while in the case of chemical
sorption, the values of ΔH are in the range of 40–120 kJ/mol. The value of ΔH and ΔS can
be determined by means of the Langmuir constant using the Van ’t Hoff equation [56]:

lnKL =
ΔS
R

− ΔH
RT

(6)

From the linear representation ln KL versus 1/T (Figure 12), the values of ΔS and ΔH
were obtained from the intercept and slope, respectively, and the results are presented in
Table 4. The values of ΔG were obtained using the following equation:

ΔG = ΔH − TΔS (7)

Δ Δ ⋅
Δ

Figure 12. Plots of lnKL versus 1/T for sorption of 1,2,4-triazole derivative onto PG and PGB1 copolymers.

Table 4. Thermodynamic parameters of sorption process.

Sample Code ΔH (kJ/mol) ΔS (J/mol·K) R2
ΔG (kJ/mol)

298 K 303 K 308 K

PG 36.49 100.05 0.995 −29.78 −30.278 −30.78
PGB1 37.67 107.14 0.998 −31.89 −32.425 −32.96

As it can be seen from Table 4, the negative values of ΔG show that the 1,2,4-triazole
sorption onto PG and PGB1 copolymers is spontaneous and favorable. Also, the values
of this thermodynamic parameter decrease with increasing of the temperature, indicating
that there is a higher efficiency of the sorption process at higher temperatures. The values
of ΔH < 40 kJ/mol indicate that the interactions between the PG or PGB1 copolymers
and 1,2,4-triazole are physical in nature. On the other hand, the positive value of the ΔH
shows that the sorption process is endothermic and the increase of the temperature leads
to an increase in the amount of 1,2,4-triazole sorbed. The positive value of ΔS indicates the
affinity of PG and PGB1 copolymers for 1,2,4-triazole as well as the increase randomness at
the solid-solution interface during the sorption process [57]. Also, the positive value of ΔS
can indicate an increase in the degree of freedom of 1,2,4-triazole. Moreover, the positive
values of ΔH and ΔS lead to the conclusion that the sorption process occurs spontaneously
at all temperatures.

2.3.3. Sorption Kinetic Study

The study of sorption kinetic describes the rate of sorption and is very important
because it gives us information about the mechanism of sorption. Two mathematical
models, such as the Lagergren model (pseudo-first order kinetic model) and the Ho model
(pseudo-second order kinetic model), were used to elucidate the mechanism of 1,2,4-triazole
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sorption onto PG and PGB1 copolymers. The two models mentioned above are described
by the following equations:

• Lagergren model [58]:

qt = qe

(
1 − e−k1t

)
(8)

• Ho model [59]:

qt =
k2·q2

t ·t
1 + k2·qe·t

(9)

where qe and qt are the amounts of 1,2,4-triazole sorbed at equilibrium and at time t (mg/g),
k1 is the rate constant of the pseudo-first order sorption process (min−1), and k2 is the rate
constant of pseudo-second order sorption process (g/mg·min).

Figure 13 presents the plots of the Lagergren and Ho models in the case of 1,2,4-triazole
sorption (C1,2,4-triazole = 15 × 10−3 g/mL) onto PG and PGB1 copolymers at T = 308 K, and
Table 5 shows the parameter values corresponding to the Lagergren and Ho models.

χ

Figure 13. Graphical representation of Lagergren and Ho models in case of 1,2,4-triazole sorption
onto PG and PGB1 copolymers at T = 308 K and C1,2,4-triazole = 15 × 10−3 g/mL.

Table 5. The parameters corresponding to the Lagergren and Ho models used in the case of 1,2,4-triazole sorption onto PG
and PGB1 copolymers.

C1,2,4-triazole

(g/mL)

PG PGB1

298 303 308 298 303 308

qe,exp (mg/g) 325 394 473 412 496 587

3.6 × 10−4

Lagergren model
qe,calc (mg/g) 346.29 415.91 491.95 428.82 511.76 600.94

k1 (×103 min−1) 2.19 3.01 3.31 3.83 3.92 4.14
χ2 1.738 2.263 1.119 1.119 1.682 1.103
R2 0.998 0.998 0.998 0.999 0.998 0.999

Ho model
qe,calc (mg/g) 449.72 482.38 564.84 579.40 616.92 696.22

k2 [×106 (g/mg· min)] 1.26 1.62 2.43 2.89 3.51 3.92
χ2 4.014 4.686 5.976 2.411 5.499 5.040
R2 0.997 0.997 0.997 0.998 0.997 0.998
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Table 5. Cont.

C1,2,4-triazole

(g/mL)

PG PGB1

298 303 308 298 303 308

qe,exp (mg/g) 325 394 473 412 496 587

3.6 × 10−3

qe,exp (mg/g) 432 491 593 507 583 659
Lagergren model

qe,calc (mg/g) 473.63 523.96 622.21 531.87 606.53 679.53
k1 (×103 min−1) 3.10 3.52 4.01 4.13 4.27 4.87

χ2 1.456 1.446 1.569 1.312 1.852 1.786
R2 0.998 0.999 0.998 0.997 0.998 0.997

Ho model
qe,calc (mg/g) 546.70 621.17 709.71 649.28 694.28 766.03

k2 [×106 (g/mg· min)] 2.19 2.46 3.11 3.07 3.72 4.01
χ2 2.071 2.539 2.390 2.772 2.083 2.310
R2 0.997 0.996 0.997 0.995 0.997 0.996

7 × 10−3

qe,exp (mg/g) 449 504 606 519 594 667
Lagergren model

qe,calc (mg/g) 463.71 527.91 622.32 533.86 621.43 681.07
k1 (×103 min−1) 3.42 3.96 4.43 4.60 4.90 5.10

χ2 1.722 1.949 1.654 1.034 1.326 1.764
R2 0.997 0.997 0.998 0.998 0.997 0.999

Ho model
qe,calc (mg/g) 567.15 613.04 713.83 621.28 734.63 796.60

k2 [×106 (g/mg min)] 3.09 3.87 4.11 3.35 4.19 5.17
χ2 2.609 2.913 1.895 2.776 2.864 3.775
R2 0.996 0.997 0.996 0.997 0.997 0.998

15 × 10−3

qe,exp (mg/g) 457 512 618 529 601 672
Lagergren model

qe,calc (mg/g) 483.63 532.96 644.21 544.25 627.05 694.28
k1 (×103 min−1) 3.67 4.67 4.81 4.92 5.14 5.48

χ2 1.466 1.343 1.691 1.144 1.671 1.024
R2 0.997 0.999 0.998 0.998 0.999 0.999

Ho model
qe,calc (mg/g) 568.17 624.11 754.83 635.77 729.27 783.34

k2 [×106 (g/mg min)] 3.85 4.38 5.83 4.23 4.97 5.73
χ2 3.050 3.208 3.903 3.887 4.321 3.678
R2 0.996 0.997 0.996 0.998 0.997 0.997

From data presented in Table 5, it is observed that the value of the sorption rate
increases with the increase of the 1,2,4-triazole concentration. The highest amount of
1,2,4-triazole sorbed was obtained in the case of the PGB1 copolymer. The qe values
calculated by applying the Lagergren model are close to the experimental values compared
to the qe values calculated by applying the Ho model. Although the values of the correlation
coefficients R2 are higher when applying the two kinetic models, the χ2 values are higher
when applying the Ho model, which indicates that the Lagergren model describes better
the experimental data. These results indicate that 1,2,4-triazole sorption onto PG and PGB1
copolymer is a physical process.

2.4. In Vitro Release Studies

In vitro release studies were performed on the PG-T and PGB1-T systems with the
highest amount of immobilized 1,2,4-triazole. In vitro 1,2,4-triazole release studies were
realized at pH = 1.2, and the release profiles are shown in Figure 14.

15



Molecules 2021, 26, 3330

Figure 14. Release profiles of 1,2,4-triazole from PG-T and PGB1-T systems at pH = 1.2.

The kinetic studies and the release mechanism from PG-T and PGB1-T copolymers
loaded with 1,2,4-triazole were examined using the following mathematical models:

• Higuchi model [60]:

Qt = kH·t1/2 (10)

where Qt is the amount of drug released at time t; kH is the Higuchi dissolution constant;
and t is the time.

• Korsmeyer–Peppas model [61]:

Mt

M∞
= kr·tn (11)

where Mt/M∞ is the fraction of drug released at time t; kr is the release rate constant
that is characteristic to bioactive compound-polymer interactions; and n is the diffusion
coefficient that is characteristic to the release mechanism. The values of the 1,2,4-triazole
release parameters from PG-T and PGB1-T systems are presented in Table 6.

Table 6. Kinetic parameters of 1,2,4-triazole release from PG-T and PGB1-T systems.

Sample Code
Higuchi Model Korsmeyer–Peppas Model

kH (h−1/2) R2 kr (min−n) n R2

PG-T 0.324 0.993 0.014 0.534 0.995
PGB1-T 0.294 0.994 0.017 0.634 0.996

The release exponent n from the Korsmeyer–Peppas equation is situated between
0.534 and 0.634. These results suggest that the release mechanism of 1,2,4-triazole from
PG-T and PGB1-T systems was controlled by more than one process, namely diffusion and
swelling.

3. Materials and Methods

3.1. General Information

All reactants and solvents were purchased from Merck Company KGaA (Darmstadt,
Germany) and were used without purification. Elemental analyses were performed by
Exeter Analytical CF-440 Elemental Analyzer (Coventry, United Kingdom). The bioactive
compounds (1,4-disubstituted-thiosemicarbazides, 1,3,4-thiadiazoles, and 1,2,4-triazoles)
were characterized by FT-IR spectroscopy (Bruker Vertex FT-IR spectrometer) as potassium
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bromide pellets in the range of 4000–400 cm−1 and at a resolution of 2 cm−1. The 1H NMR
spectra were recorded in DMSO-d60 on Bruker ARX 400 Spectrometer (400 MHz). X-ray
diffraction analysis was performed in a Rigaku Miniflex 600 diffractometer using CuKα-
emission in the angular range 3–90◦ (2θ) with a scanning step of 0.01◦ and a recording rate
of 5◦/min. The surface morphologies of PG-T system, PGB1-T system, and 1,2,4-triazole
in powder form were analyzed with an environmental scanning electron microscope type
Quanta 200 at 25kV with secondary electrons in low vacuum.

3.2. Synthesis of Benzoxazole-2′-yl-mercapto-acetic Acid Hydrazide (Compound I)

It was obtained by treating benzoxazol-2′-yl-mercapto-acetic acid ethyl ester with 98%
hydrazine hydrate in anhydrous ethanol at room temperature.

3.3. General Procedure for Synthesis of 1-(Benzoxazole-2′-yl-mercapto-acetyl)-4-aryl-
thiosemicarbazide (Compounds II–VII)

A total of 0.005 moles of benzoxazole-2′-yl-mercapto-acetic acid hydrazide (I) dis-
solved in 30 mL absolute methyl alcohol was treated with 0.005 moles of aromatic isothio-
cyanate in 5 mL anhydrous methanol. The mixture was refluxed for 2 h. During heating, a
crystalline precipitate appeared and became more and more abundant once the reaction
was complete. After cooling, the precipitate was filtered and washed with anhydrous ethyl
ether. Purification was carried out by recrystallization from anhydrous methanol.

1-(Benzoxazole-2′-yl-mercapto-acetyl)-4-phenyl-thiosemicarbazide (Compound II), Physical state:
White, crystalline powder; Mp = 182–183 ◦C. FT-IR (KBr,ν, cm−1): 2917, 3150 (NH); 1670
(C=O); 1400 (CH2); 1145 (C=S); 755 (monosubstituted benzene nucleus); 700 (C-S).

1-(Benzoxazole-2′-yl-mercapto-acetyl)-4-(p-tolyl)-tiosemicarbazide (Compound III), Physical
state: White-ivory powder, acicular crystals; Mp = 163–164 ◦C. FT-IR (KBr,ν, cm−1): 2880,
3096 (NH); 1709 (C=O); 1424 (CH2); 720 (C-S); 750 (para-disubstituted benzene nucleus).
1H-NMR (DMSO-d6, 400 MHz, δ ppm): 2.11 (t, 3H, CH3); 4.39 (s, 2H, CH2); 6.95–6.98 (d,
2H, CHAr); 7.13–7.18 (d, 2H, CHAr); 7.57–7.63 (d, 2H, CHAr); 7.76–7.79 (d, 2H, CHAr);
9.86 (s, 1H, NHCO); 10.19 (s, 1H, NH); 10.76 (s, 1H, NH).

1-(Benzoxazole-2′-yl-mercapto-acetyl)-4-(p-methoxytolyl) thiosemicarbazide (Compound IV),
Physical state: White, crystalline powder; Mp = 186–188 ◦C. FT-IR (KBr,ν, cm−1): 2918,
3096 (NH); 1623 (C=O); 1492 (CH2); 1239 (C=S); 789 (monosubstituted benzene nucleus);
749 (C-S). 1H-NMR (DMSO-d6, 400 MHz, δ ppm): 3.38 (t, 3H, OCH3); 4.38 (s, 2H, CH2);
6.09–6.11 (d, 2H, CHAr); 7.11–7.13 (d, 2H, CHAr); 7.41–7.43 (d, 2H, CHAr); 7.84–7.92 (d,
2H, CHAr); 8.86 (s, 1H, NHCO); 10.26 (s, 1H, NH); 10.86 (s, 1H, NH).

1-(Benzoxazole-2′-yl-mercapto-acetyl)-4-(p-chlorophenyl) thiosemicarbazide (Compound V), Phys-
ical state: White-ivory, crystalline powder; Mp = 147–149 ◦C. FT-IR (KBr,ν, cm−1): 3096 (NH);
1620 (C=O); 1482 (CH2); 1249 (C=S); 749 (para-disubstituted benzene nucleus); 710 (C-S);
629 (C-Br). 1H-NMR (DMSO-d6, 400 MHz, δ ppm): 4.27 (d, 2H, CH2); 7.32–7.35 (d, 2H,
CHAr); 7.38–7.40 (d, 2H, CHAr); 7.52–7.56 (d, 2H, CHAr); 7.65–7.67 (d, 2H, CHAr); 9.67 (s,
1H, NHCO); 9.90 (s, 1H, NH); 10.49 (s, 1H, NH).

1-(Benzoxazole-2′-yl-mercapto-acetyl)-4-(p-chlorophenyl)-thiosemicarbazide (Compound VI), Phys-
ical state: White-ivory, crystalline powder; Mp = 150–151 ◦C. FT-IR (KBr,ν, cm−1): 3080,
3124 (NH); 1620 (C=O); 1498 (CH2); 1250 (C=S); 725 (C-Cl); 708 (C-S); 680 (para-disubstituted
benzene nucleus). 1H-NMR (DMSO-d6, 400 MHz, δ ppm): 4.23 (d, 2H, CH2); 6.92–7.04 (d,
2H, CHAr); 7.29–7.32 (d, 2H, CHAr); 7.39–7.41 (d, 2H, CHAr); 8.77 (s, 1H, NHCO); 10.11 (s,
1H, NH); 10.85 (s, 1H, NH).

1-(Benzoxazole-2′-yl-mercapto-acetyl)-4-(p-iodophenyl)-thiosemicarbazide (Compound VII). Phys-
ical state: White-yellow, crystalline powder; Mp = 172–179 ◦C. FT-IR (KBr,ν, cm−1): 3097,
3140 (NH); 1620 (C=O); 1490 (CH2); 1120 (C=S); 785 (para-disubstituted benzene nucleus);
712 (C-S); 630 (C-I). 1H-NMR (DMSO-d6, 400 MHz, δ ppm): 4.25 (d, 2H, CH2); 6.91–7.03 (d,
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2H, CHAr); 7.30–7.31 (d, 2H, CHAr); 7.40–7.42 (d, 2H, CHAr); 7.66–7.69 (d, 2H, CHAr);
8.74 (s, 1H, NHCO); 10.10 (s, 1H, NH); 10.31 (s, 1H, NH).

3.4. General Procedure for Synthesis of 1-(Benzoxazole-2′-yl-mercapto-methyl)-5-(aryl-amino)-
1,3,4,thiadiazoles (Compounds VIII–XIII)

A total of 6 mL of concentrated sulfuric acid were added under stirring to 0.005 moles
of 1-(benzoxazole-2′-yl-mercapto-acetyl)-4-aryl-thiosemicarbazide (compounds II–VII). The
reaction mixture was stirred at room temperature for 45–50 min to complete the cyclization
and then was poured on crushed ice when an abundant precipitate appeared. The mixture
was neutralized with ammonium hydroxide, and, after 2 h, the microcrystals were filtered
in vacuum and washed with distilled water until the washing water reached pH = 7. Then,
the obtained compounds were dried in vacuum oven at 55–60 ◦C and were purified by
recrystallization from ethyl alcohol.

2-(Benzoxazole-2′-yl-mercapto-methyl)-5-(phenyl-amino)-1,3,4-thiadiazole (Compound VIII),
Physical state: White-yellow, crystalline powder; Mp = 194–196 ◦C. FT-IR (KBr,ν, cm−1):
2945, 3256 (NH); 1496 (CH2); 1454 (N=C-S); 1401, 1535 (thiadiazole nucleus) 1090 (C-S-C);
785, 815 (para-disubstituted benzene nucleus); 750 (C-S). 1H-NMR (DMSO-d6, 400 MHz,
δ ppm): 4.26 (s, 2H, CH2); 6.91 (t, 1H, CHAr); 6.98–7.00 (d, 2H, CHAr); 7.46–7.49 (d, 2H,
CHAr); 8.35 (d, 2H, CHAr); 8.71–8.72 (d, 2H, CHAr); 10.48 (s, 1H, NH).

2-(Benzoxazole-2′-yl-mercapto-methyl)-5-(tolyl-amino)-1,3,4-thiadiazole (Compound IX), Phys-
ical state: Brown-red, amorphous powder; Mp = 154–156 ◦C. FT-IR (KBr,ν, cm−1): 2945
(NH); 1480 (CH2); 1450 (N=C-S); 1448, 1517 (thiadiazole nucleus); 1070 (C-S-C); 828 (para-
disubstituted benzene nucleus); 730 (C-S). 1H-NMR (DMSO-d6, 400 MHz, δ ppm): 2.29 (t,
3H, CH3); 4.49 (s, 2H, CH2); 7.36–7.38 (d, 2H, CHAr); 7.66–7.69 (d, 2H, CHAr); 8.21–8.23 (d,
2H, CHAr); 8.39–8.42 (d, 2H, CHAr); 10.21 (s, 1H, NH).

2-(Benzoxazole-2′-yl-mercapto-methyl)-5-(p-methoxyphenyl-amino)-1,3,4-thiadiazole (Compound X), Phys-
ical state: Brown, crystalline powder; Mp = 116–118 ◦C. FT-IR (KBr,ν, cm−1): 2500, 3000
(NH); 1475 (CH2); 1438 (N=C-S); 1243, 1615 (thiadiazole nucleus); 1068 (C-S-C); 830 (para-
disubstituted benzene nucleus); 710 (C-S). 1H-NMR (DMSO-d6, 400 MHz), δ ppm: 3.38 (t,
3H, OCH3); 4.53 (s, 2H, CH2); 7.31–7.34 (d, 2H, CHAr); 7.53–7.56 (d, 2H, CHAr); 8.50 (d,
2H, CHAr); 8.86 (d, 2H, CHAr); 10.37 (s, 1H, NH).

2-(Benzoxazole-2′-yl-mercapto-methyl)-5-(p-bromophenyl-amino)-1,3,4-thiadiazole (Compound XI), Phys-
ical state: Brown, crystalline powder; Mp = 197–197◦C. FT-IR (KBr,ν, cm−1): 2880, 2905
(NH); 1480 (CH2); 1449 (N=C-S); 1240, 1518 (thiadiazole nucleus); 1070 (C-S-C); 828 (para-
disubstituted benzene nucleus); 750 (C-Br). 1H-NMR (DMSO-d6, 400 MHz), δ ppm: 4.49
(s, 2H, CH2); 7.21-7.23 (d, 2H, CHAr); 7.47-7.51 (d, 2H, CHAr); 8.19-8.21 (d, 2H, CHAr);
8.33-8.35 (d, 2H, CHAr); 10.98 (s, 1H, NH).

2-(Benzoxazole-2′-yl-mercapto-methyl)-5-(p-chlorophenyl-amino)-1,3,4-thiadiazole (Compound XII), Phys-
ical state: Brown-white, crystalline powder; Mp = 201–203 ◦C. FT-IR (KBr,ν, cm−1): 3318
(NH); 1475 (CH2); 1450 (N=C-S); 1240, 1518 (thiadiazole nucleus); 1071 (C-S-C); 830 (para-
disubstituted benzene nucleus); 755 (C-Cl). 1H-NMR (DMSO-d6, 400 MHz), δ ppm: 4.32
(s, 2H, CH2); 7.17–7.19 (d, 2H, CHAr); 7.39–7.42 (d, 2H, CHAr); 8.22–8.24 (d, 2H, CHAr);
8.54–8.57 (d, 2H, CHAr); 10.31 (s, 1H, NH).

2-(Benzoxazole-2′-yl-mercapto-methyl)-5-(p-iodophenyl-amino)-1,3,4-thiadiazole (Compound XIII),
Physical state: Brown, crystalline powder; Mp = 187 ◦C. FT-IR (KBr,ν, cm−1): 2880, 2918
(NH); 1478 (CH2); 1462 (N=C-S); 1438, 1580 (thiadiazole nucleus); 1070 (C-S-C); 825 (para-
disubstituted benzene nucleus); 760 (C-I). 1H-NMR (DMSO-d6, 400 MHz), δ ppm: 4.25
(s, 2H, CH2); 7.28–7.32 (d, 2H, CHAr); 7.40–7.42 (d, 2H, CHAr); 8.16–8.18 (d, 2H, CHAr);
8.47–8.50 (d, 2H, CHAr); 10.27 (s, 1H, NH).
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3.5. General Procedure for Synthesis of 3-(Benzoxazole-2′-yl-mercapto-methyl)-4-aryl-5mercapto-
1,2,4-triazoles (Compounds XIV–XIX)

A total of 0.0027 moles of 1-(Benzoxazole-2′-yl-mercapto-acetyl)-4-aryl-thiosemicarbazide (II-
VII) were treated with 20 mL of 2N sodium hydroxide solution at room temperature. Then,
the reaction mixture was heated under reflux for 60 min. After that, the mixture was cooled,
diluted with distilled water (v/v), and treated with a diluted solution of hydrochloric
acid (1:1) to pH = 4.5. The precipitates [mercapto-1,2,4-triazole (compounds XIV–XIX)
were filtered, washed on filter with 500 mL of distilled water, and finally dried. After
recrystallization from boiling ethyl alcohol, the finished products were crystalline.

3-(Benzoxazole-2′-yl-mercapto-methyl)-4-phenyl-5-mercapto-1,2,4-triazoles (Compound XIV),
Physical state: White, crystalline powder; Mp = 239–241 ◦C. FT-IR (KBr,ν, cm−1): 3095 (NH);
1622 (C=N); 1490 (C=S); 820 (monosubstituted benzene nucleus); 785 (S-CH2). 1H-NMR
(DMSO-d6, 400 MHz), δ ppm: 4.78 (s, 2H, CH2); 6.99–7.01 (d, 2H, CHAr); 7.13–7.15 (d, 2H,
CHAr); 7.22 (t, 1H, CHAr); 14.06 (s, 1H, NH).

3-(Benzoxazole-2′-yl-mercapto-methyl)-4-(p-tolyl)-5-mercapto-1,2,4-triazole (Compound XV),
Physical state: White-yellow, crystalline powder; Mp = 198–200 ◦C. FT-IR (KBr,ν, cm−1):
3036 (NH); 1623 (C=N); 1492 (C=S); 898 (para-disubstituted benzene nucleus); 782 (S-CH2).
1H-NMR (DMSO-d6, 400 MHz), δ ppm: 2.34 (t, 3H, CH3); 4.51 (s, 2H, CH2); 7.07–7.09 (d,
2H, CHAr); 7.28–7.30 (d, 2H, CHAr); 7.51–7.53 (d, 2H, CHAr); 14.04 (s, 1H, NH).

3-(Benzoxazole-2′-yl-mercapto-methyl)-4-(p-methoxyphenyl)-5-mercapto-1,2,4-triazole (Compound XVI),
Physical state: White-ivory, crystalline powder; Mp = 213–215 ◦C. FT-IR (KBr,ν, cm−1):
3100 (NH); 1628 (C=N); 1492 (C=S); 837 (para-disubstituted benzene nucleus); 783 (S-CH2).
1H-NMR (DMSO-d6, 400 MHz), δ ppm: 3.46 (t, 3H, OCH3); 4.29 (s, 2H, CH2); 7.09–7.11 (d,
2H, CHAr); 7.25–7.27 (d, 2H, CHAr); 7.53–7.55 (d, 2H, CHAr); 14.09 (s, 1H, NH).

3-(Benzoxazole-2′-yl-mercapto-methyl)-4-(p-bromoyphenyl)-5-mercapto-1,2,4-triazole (Compound XVII),
Physical state: Brown-red, crystalline powder; Mp = 202–204 ◦C. FT-IR (KBr,ν, cm−1): 3328
(NH); 1617 (C=N); 1494 (C=S); 914 (para-disubstituted benzene nucleus); 780 (S-CH2). 1H-
NMR (DMSO-d6, 400 MHz), δ ppm: 4.17 (s, 2H, CH2); 7.20–7.23 (d, 2H, CHAr); 7.47–7.50
(d, 2H, CHAr); 7.75–7.77 (d, 2H, CHAr); 14.21 (s, 1H, NH).

3-(Benzoxazole-2′-yl-mercapto-methyl)-4-(p-chloroyphenyl)-5-mercapto-1,2,4-triazole (Compound XVIII),
Physical state: White-ivory, crystalline powder; Mp = 189–191 ◦C. FT-IR (KBr,ν, cm−1):
2894 (NH); 1615 (C=N); 1493 (C=S); 899 (para-disubstituted benzene nucleus); 765 (S-CH2);
746 (c-Cl). 1H-NMR (DMSO-d6, 400 MHz), δ ppm: 4.64 (s, 2H, CH2); 7.31–7.33 (d, 2H,
CHAr); 7.42–7.44 (d, 2H, CHAr); 7.73–7.75 (d, 2H, CHAr); 14.29 (s, 1H, NH).

3-(Benzoxazole-2′-yl-mercapto-methyl)-4-(p-iodoyphenyl)-5-mercapto-1,2,4-triazole (Compound XIX),
Physical state: Brown-red, crystalline powder; Mp = 222–224 ◦C. FT-IR (KBr,ν, cm−1): 3038
(NH); 1614 (C=N); 1495 (C=S); 915 (para-disubstituted benzene nucleus); 770 (S-CH2); 748
(C-I). 1H-NMR (DMSO-d6, 400 MHz), δ ppm: 4.23 (s, 2H, CH2); 7.35–7.37 (d, 2H, CHAr);
7.42–7.45 (d, 2H, CHAr); 7.59–7.61 (d, 2H, CHAr); 14.33 (s, 1H, NH).

3.6. Antibacterial Activity

The microbial strains (Staphylococcus aureus (ATCC-2593), Bacillus subtilis (ATCC-6638),
Bacillus cereus (ATCC-10876), Salmonella entiritidis (P-1131) and Escherichia coli (ATCC-25922))
were grown on Mueller–Hinton agar, with incubation at 37 ◦C for 48 h. Previously, the
tested substances were weighted and dissolved in dimethylsulphoxide (DMSO) to prepare
the solutions with the following concentrations: 1 mg/mL, 0.5 mg/mL, and 0.25 mg/mL
culture medium. The solutions thus prepared were included in 100 mL of culture medium,
previously agarized, melted, and then homogenized. In parallel, the control sample was
prepared consisting of glucose agar. The culture media were then distributed in the test
tubes and sterilized for 20 min at 120 ◦C. The bacterial cultures were prepared according
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to the manufacture recommendations, using suspensions with a concentration of about
5.2 · 107 CFU/mL.

3.7. Immobilization of 1,2,4-Triazole

Immobilization of the 1,2,4-triazole was performed as follows: 0.2 g powder of PG
and PGB1 copolymers were introduced into 50 mL conical flasks over which 20 mL of
1,2,4-triazole solution was added (C1,2,4-triazole = 3.6 × 10−4 — 15 × 10−3 g/mL). Then,
the samples were placed in a thermostated water-bath shaker (Memmert MOO/M01,
Schwabach, Germany) and shaken at 180 strokes/minute until equilibrium was reached.
The 1,2,4-triazole immobilization studies on PG and PGB1 copolymers were performed
at different temperatures: 25, 30, and 35 ◦C and for different contact times. The conical
flasks were removed from the water-bath shaker, and the copolymers were centrifuged
at 78 RCF for 10 min. Then, the samples were separated by filtration, and the amount
of 1,2,4-triazole immobilized on PG and PGB1 copolymers was determined by UV-VIS
spectrophotometry (SPEKOL 1300 spectrophotometer, Analytik Jena, Jena, Germany) at a
wavelength of 226 nm, based on a calibration curve. The retained amount of 1,2,4-triazole
was calculated by the difference between 1,2,4-triazole concentration in the supernatant
before and after sorption process.

The amount of immobilized 1,2,4-triazole was calculated using the following equation:

qe =
(C0 − Ce)·V

W
(12)

where qe is the amount of 1,2,4-triazole immobilized onto PG and PGB1 copolymers (mg/g),
C0 is the initial 1,2,4-triazole concentration (mg/mL), Ce is the equilibrium 1,2,4-triazole
concentration (mg/mL), V is the volume of 1,2,4-triazole solution (mL), and W is the
amount of copolymers. PG and PGB1 copolymers are in the form of powder consisting of
irregularly shaped particles.

3.8. Release of 1,2,4-triazole

In vitro 1,2,4-triazole release studies were performed by immersing the PG-T and
PGB1-T systems (0.1 g) in 10 mL of simulated gastric fluids of pH = 1.2 for 2 h at 37
◦C. The samples were placed in a thermostated water-bath shaker under gentle stirring
(50 strokes/minute). Samples (1 μL) of supernatant solution were collected at different time
intervals using a microsyringe and then analyzed spectrophotometrically at a wavelength
of 226 nm, using a UV-VIS spectrophotometer (Nanodrop ND 100, Wilmington, DE, USA).
The amount of 1,2,4-triazole released was determined using the calibration curve.

4. Conclusions

The 2-mercapto-benzoxazole molecule was used to achieve a selective support for
some heterocycles with 1,3,4-thiadiazole and 1,2,4-triazole structure, respectively. The
addition reaction of benzoxazolyl-2-mercapto-acetic acid hydrazide to aromatic isoth-
iocyanantes was used to obtain a new series of acyl-thiosemicarbazides (compounds
II–VII). Applying the cyclization reaction, the 4-substituted acyl-thiosemicarbazides were
converted in acid medium into thiadiazole derivatives with benzoxazole residue in the
molecule (compounds VIII–XIII) and in basic medium in mercapto-triazole-3,4-disubstituted
(compounds XIV–XIX). All new compounds were characterized using elemental and spec-
tral analysis (FT-IR and 1H-NMR). Among the active principles synthesized, 3-(benzoxazole-
2′-yl-mercapto-methyl)-4-(p-methoxyphenyl)-5-mercapto-1,2,4 triazole was chosen to be
immobilized onto a polymeric support due to its biological properties. The antimicro-
bial studies have shown that 1,2,4 triazole presents very good antimicrobial activities
against several microbial strains, such as Escherichia coli, Salmonella enteritidis, and Bacil-
lus subtilis compared to 1,3,4-thiadiazoles that show good antimicrobial activity against
Staphylococcus aureus.

20



Molecules 2021, 26, 3330

Two polymeric supports were used for the immobilization of 1,2,4-triazole derivative
(compound XVI): grafted copolymer and grafted copolymer carrying betaine moieties
based on gellan and N-vinyl imidazole, which were chosen due to the biocompatibility of
the polysaccharide as well as of the polymer/grafts generated by the vinyl monomer and
betaine function.

To describe the interactions that occur in sorption processes between 1,2,4-triazole
and PG and PGB1 copolymers, Langmuir, Freundlich, and Dubinin–Radushkevich model
isotherms were used. Kinetic sorption studies conclude that the Lagergren model best
describes the experimental data and confirm that the sorption of 1,2,4-triazole on the
grafting copolymers is physical in nature.

The thermodynamic study completed by the kinetic one led to the conclusion that the
sorption process of 1,2,4-triazole on the betainized copolymer is more intense than in the
case of the grafted copolymer only. The sorption process of 1,2,4-triazole is spontaneous
and favored by the increase of temperature. The release of 1,2,4-triazole from polymeric
supports proceeds through a complex mechanism controlled by both swelling and diffusion
processes. Similar to the results obtained in case of immobilization of the cefotaxime sodium
salt, these results confirm the potential of the grafted copolymer with betaine structure as a
candidate for developing sustained/controlled drug delivery systems.
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Abstract: Calcium phosphate cements have the advantage that they can be prepared as a paste that
sets in a few minutes and can be easily adapted to the shape of the bone defect, which facilitates its
clinical application. In this research, six formulations of brushite (dicalcium phosphate dihydrated)
cement were obtained and the effect of the addition of sodium alginate was analyzed, such as its
capacity as a tetracycline release system. The samples that contain sodium alginate set in 4 or 5 min
and showed a high percentage of injectability (93%). The cements exhibit compression resistance
values between 1.6 and 2.6 MPa. The drug was released in a range between 12.6 and 13.2% after
7 days. The antimicrobial activity of all the cements containing antibiotics was proven. All samples
reached values of cell viability above 70 percent. We also observed that the addition of the sodium
alginate and tetracycline improved the cell viability.

Keywords: brushite; calcium phosphate cements; physical-chemical properties; mechanical
properties; microbiological properties; cell viability

1. Introduction

Calcium phosphates are biomaterials well known to stimulate bone regeneration and
have excellent biocompatibility and bioactivity, which has led to a substantial increase in
their use in biomedical applications in the last three decades.

These materials are widely used in various applications of orthopedic and maxillo-
facial surgery, whether for alveolar ridge augmentation, filling of bone defects, middle
ear implants, fusion of spinal vertebrae or in the coating of metal prostheses. They are
applied in different ways: as granules, blocks or as cements [1]. Due to their excellent
biocompatibility, bioactivity and osteoconductivity, they can be reabsorbed by new bone, by
the action of bone cells (osteoclasts and osteoblasts) responsible for bone remodeling [2,3].
Since the first research conducted in the 1980s [4], calcium phosphate cements (CPC) have
attracted significant interest as a bone substitute. Additionally, due to the malleability of
CPC, they have the ability to adapt to bone defects and implant sites, and then harden in
situ to provide stability and support [5]. Unlike other materials, these biomaterials can
repair bone defects permanently [6], promoting the formation of new bone tissue during
cement degradation [7] due to their osteoconductivity [8,9]. In addition, the characteristics
of calcium phosphate cements make them an excellent alternative for the release of drugs
and other active ingredients, including growth factors and cells [10,11].

Inorganic CPCs often have critical drawbacks that limit their possible clinical appli-
cation, including a lack of injectability [12,13] that is generally characterized by phase
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separation during injection, low mechanical properties for the loading requirements of the
implantation site [14,15] as well as a weak cohesion that results in the disintegration of the
cement paste when in contact with physiological fluids [2,13].

Brushite cements (dicalcium phosphate dihydrated, DCPD, CaHPO4·2H2O) are pre-
pared by mixing water with a powder consisting of an acid calcium phosphate (monocal-
cium phosphate monohydrated, MCPM, CaHPO4·H2O) and a basic calcium phosphate
(β-tricalcium phosphate, β-TCP, β-Ca3(PO4)2). The result of this mixture is a moldable
paste that solidifies by an exothermic reaction, forming a hard material. These materials
were first described in 1989 by Mirtchi and Lemaître [6,16,17].

The first studies performed showed that brushite cements, despite their biocompati-
bility, are difficult to handle, their setting time is too short (usually less than 30 s) and they
have poor mechanical properties [2,12,13,18].

Different additives have been added to these cements to improve some of their prop-
erties like injectability [5], cohesion and mechanical properties [19], and the setting time [6].
Polymers have been proven to enhance the mechanical properties of cements due to the
role they fulfill in the bone itself, which is a composite material made of an organic phase
reinforced with hydroxyapatite crystals. Between the natural polymers, sodium alginate
has been studied for many biomedical applications because it is biocompatible, biodegrad-
able and able to form hydrogels. Sodium alginate hydrogels can be prepared under mild
conditions by ionic crosslinking and shows a structural similarity to the extracellular ma-
trices of living tissues, which leads to use in applications such as the administration of
bioactive agents, the healing of wounds and in tissue engineering [13,20–26].

Other concerns in maxillofacial surgical operations include the risk of infections that
demand the use of antibiotics. A large number of infections in bone implants are caused by
bacteria, which are very common in the oral cavity and are related to periodontal diseases.
However, antibiotics generally have a negative effect on the mechanical properties of
cements due to two effects: the increase in the porosity and the inhibitory effect on the
setting reaction [10]. One of the most widely used antibiotics in stomatology is tetracycline,
which is known as a very effective antibiotic, with a broad spectrum against bacterial
infections, generally related to periodontal diseases [27,28].

In our present study, several brushite or DCPD bone cements for maxillofacial appli-
cations made from MCPM and β-TCP with or without sodium alginate were prepared
and evaluated as drug release systems for tetracycline. Although the use of CPC as a drug
delivery system has been analyzed, the study of more complex formulations that include
reinforcement materials, such as sodium alginate, could have a significant impact on the
development of more efficient bone regenerative biomaterials with the capability to be
used as a drug delivery system and an injectable restoration biomaterial.

2. Results

All the cements prepared for our study formed a malleable paste that set in about
2 to 3 min. According to thermochemical studies of calcium phosphate minerals, the
dissolution of MCPM in calcium and phosphate ions must be exothermic. In the presence
of water, the MCPM tends to hydrolyze in diphosphate and calcium ions following the
exothermic reaction of Equation (1). Simultaneously, the exothermic dissolution of β-TCP
occurs as a result of its exposure to the acidic medium (Equation (2)). Following the initial
dissolution of the reagents, the cement undergoes an increase in pH as a result of the
exothermic precipitation of brushite crystals (Equation (3)). Finally, the overall reaction of
the cement (Equation (4) = Equation (1) + Equation (2) + 4 × Equation (3)) is exothermic
and the brushite cements are usually slightly heated in the final set reaction [6].

Ca(H2PO4)2·H2O = Ca2+ + 2H2PO4
− + H2O (1)

β-Ca3(PO4)2 + 4H+ = 3Ca2+ + 2H2PO4
− (2)

Ca2+ + H2PO4
− +2H2O = CaHPO4·2H2O + H+ (3)
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β-Ca3(PO4)2 + Ca(H2PO4)2·H2O + 7H2O = 4CaHPO4·2H2O (4)

It is known that DCPD is a precursor of hydroxyapatite in aqueous solutions, which
is thermodynamically more stable, by a dissolution–reprecipitation mechanism. This
compound has a relatively low solubility. Therefore, just the presence of water is not
enough to trigger the reprecipitation mechanism. However, the aqueous medium in which
the DCPD is immersed contains Ca2+ ions. In the presence of Ca2+ ions, the process occurs
according to Equation (5) [29].

6 CaHPO4·2H2O + (4 − x) Ca3
2+ = Ca10−X(HPO4) × (PO4)6−X(OH)2−X + (10 + x) H2O + (8 − 2x) H+ (5)

2.1. X-ray Diffraction (XRD)

Figure 1 shows the XRD pattern of the cement samples A0T0, A0T1, A2T0, A2T1,
A5T0 and A5T1 after 72 h of immersion in Ringer’s solution. The most significant peaks
of the pattern were compared with the XRD pattern of DCPD, which is the expected
product of the setting reaction of the cement, using the ICDD PDF 9-0077. A congruence
in both position and intensity of the peaks for all samples were observed, which confirms
the occurrence of the setting reaction and the precipitation of brushite crystals. It can be
observed that the addition of sodium alginate and/or tetracycline do not affect the setting
reaction of the cements.

A0T1

A0T0

A2T1

A2T0

A5T1

A5T0

DCPD (0909-9-0077)

Figure 1. XRD pattern of samples. All peaks correspond to DCPD according to the ICDD PDF
9-0077 X-ray diffraction pattern. The six-maximum intensity DCPD peaks could be observed between
12◦and 35◦ at 2 θ.

Table 1 shows the crystallite size of the cements. The addition of alginate causes a
decrease in the size of the crystals while the incorporation of the drug shows the opposite
behavior, but not enough to compensate the effect of the polymer. In none of the cases was
there a significant difference between any of the values, whether analyzing the variation of
sodium alginate or tetracycline.

27



Molecules 2021, 26, 3272

Table 1. Crystallite size of the cements.

Samples A0T0 A0T1 A2T0 A2T1 A5T0 A5T1

Crystallite Size (nm) 58 ± 7 57 ± 7 54 ± 4 56 ± 7 50 ± 4 58 ± 7

2.2. Morphology by Electronic Microscopy
2.2.1. Scanning Electronic Microscopy (SEM)

In Figure 2, the micrographs of the samples showed mostly the presence of small
size pores, although the presence of macropores can also be observed. In the sample
A2T0, we can detect that the presence of alginate causes a low porosity due to its uniform
distribution among the calcium phosphate crystals. In A5T0, with the increase of the
alginate concentration, the number of pores decreased, although there is a presence of a
non-uniform and rough surface that was not observed in the A2T0.

 
Figure 2. SEM micrographs of the samples: (a) A2T0, (b) A2T1, (c) A5T0 and (d) A5T1, (scale
bar = 500 μm).

Comparing samples A2T0 and A2T1, it was determined that the presence of tetracy-
cline causes a superficial uniformity, but at the same time there is an increased presence
of macropores and deformities that are not observed in the sample lacking tetracycline.
When comparing A5T0 with A5T1, a larger roughness of the surface with the presence of
macropores is observed in A5T0 that was not formed in A5T1, which is characterized by a
more uniform surface and is devoid of macropores.

In A2T1 and A5T1, both samples with tetracycline and different concentrations of
alginate, a superficial roughness can be observed as well as a greater number of macropores
in A2T1.
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2.2.2. Transmission Electronic Microscopy (TEM)

In Figure 3, the transmission micrographs of the cements show agglomerates of
spherical particles of around 50 nm in size. This particle size corresponds with the crystallite
size calculated previously (Table 1), and is evidence that increases in the amount of alginate
induces a decrease in the size of the crystals. The addition of tetracycline affects the particles
size in the opposite way, but the influence is less marked, and cannot counteract the impact
of the alginate.

Figure 3. TEM micrographs of all samples at the same magnification.

2.3. Mechanical Properties

Table 2 shows the results of the mechanical property (compression strength) evaluation.
Values between 1.6 and 2.6 MPa for the compressive strength of the samples were obtained,
which corresponds to what is reported in the literature for this type of cement [13,16,21,30].

Table 2. Compression strength (after 72 h of incubation) and injectability of the samples.

Samples Compressive Strength (MPa) Injectability (%)

A0T0 1.6 ± 0.5 72.56
A0T1 1.9 ± 0.3 87.07
A2T0 2.6 ± 0.2 41.71
A2T1 1.9 ± 0.5 93.04
A5T0 2.3 ± 0.7 4.78
A5T1 1.9 ± 0.4 93.43

It is also observed that the samples with sodium alginate and without the presence of
tetracycline in their formulations (A2T0 and A5T0) were the ones that reached the highest
values. As expected, the addition of sodium alginate increases the mechanical properties
of the material; this result corresponds with the effect reported in other studies [30].

2.4. Injectability

The results of the injectability process are shown in Table 2, where it can be seen that
the percentage of injectability ranges between 4.78% and 93.43%. When samples do not
contain tetracycline, the addition of sodium alginate does not improve the injectability
but makes the cement paste more difficult to handle in the first few minutes and therefore
decreases the injectability. In the case of sample A5T0, this effect is more marked by the
high viscosity of the liquid phase that does not allow the preparation of the paste in the
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time required for the test. Thus, the measurement that is reported was made approximately
40 s later than the rest of the samples. In samples with tetracycline, the addition of sodium
alginate improved the injectability.

2.5. Drug Release Study

In order to study the drug release mechanisms, the Peppas and Sahlin model [31]
was used (Equation (6)). In this equation, the first term shows the fraction of drug release.
K1 is the kinetic constant related to the diffusion process and K2 to the polymer chain
relaxation process, and t is the time of release. The diffusional coefficient n is a measure of
the diffusion type for a device of any geometric shape that exhibits a controlled release.

Mt

M∞
= K1tn + K2t2n (6)

The release profile for the first eight hours (around 75% of the release), as well as
the calculated parameters for the Peppas and Sahlin Equation, are shown in Figure 3 and
Table 3, respectively. In Figure 4, the inset shows the first eight hours of the release study
that is governed by a diffusion mechanism.

Table 3. Values of the parameters of the Peppas and Sahlin Equation for each sample (inset Figure 3,
first eight hours).

Plot A0T1 A2T1 A5T1

K1 0.0559 ± 0.0001 0.0483 ± 0.0002 0.0452 ± 0.0002
K2 −0.00719 ± 0.00004 −0.00537 ± 0.00005 −0.00482 ± 0.00006
n 0.589 ± 0.003 0.610 ± 0.004 0.620 ± 0.006

R2 99.99% 99.98% 99.97%

Figure 4. Tetracycline release profiles fitting to Equation (6) (the inset, first 8 h) and Equation (7),
from the beginning to the end of the process.

It can be observed that as the amount of alginate increases, the system moves away
from diffusion (n = 0.5) to enter a process where the diffusion governs in conjunction with
the relaxation of the polymer chains (n > 0.5). The increase in the chain relaxation effect is
also described by the increment of K2, which is the part of the equation associated with the
relaxation phenomenon, and the decrease of K1 that represents the diffusion process (Table 3).

In the inset of Figure 4, it can be seen that the formulation A0T1 showed the highest
release in that period of time due to the absence of sodium alginate in the sample, which
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causes a higher surface porosity and therefore facilitates the release of the drug. However,
in the remaining days (full graphic, Figure 3) the other two formulations were the ones that
were most released, since A0T1 had already expelled the highest amount of tetracycline in
the first stages.

The generalized logistic function or curve, also known as the Richard’s curve, is a
mathematical function that appears in various models of population growth, and the spread
of epidemic diseases and dissemination in social networks. This function constitutes an
extension of the sigmoid function for the growth of one magnitude [32], and is considered
one of the best options to adjust dissolution curves [33]:

y = A2 +
A1 − A2

1 + ( x
x0

)p (7)

where y is the amount of tetracycline released, x is time in minutes, A1 is the lower
asymptote, A2 is the upper asymptote, x0 is the value of the central node and p is the
growth rate.

The values of the parameters for each sample, based on the model of Equation (7),
can be seen in Table 4. The asymptote A1 shows values very close to zero, while the
upper asymptote A2 shows values that correspond to the maximum percentage of drug
released by each sample. In addition, the p values for each sample are approximately 0.9.
Coefficients of determination with a value greater than 99% were obtained for the fitting
of all the release curves, which confirms that this model explains more than 99% of the
variability in the amount of drug release.

Table 4. Values of the parameters of the logistic curve for each sample (full graphic, Figure 4, 15 days).

Plot A0T1 A2T1 A5T1

A1 0.003 ± 0.002 0.00162 ± 0.00189 0.00142 ± 0.00144
A2 0.1266 ± 0.0008 0.1319 ± 0.0008 0.1319 ± 0.0006
x0 1.70 ± 0.07 2.27 ± 0.09 2.54 ± 0.08
p 0.98 ± 0.03 0.93 ± 0.03 0.92 ± 0.02

R2 99.58% 99.65% 99.80%

2.6. Microbiological Study

Figure 5 shows the inhibition zones where no bacterial growth occurred due to the
release of the drug to the culture medium.

 

a b c

Figure 5. Diameters of the inhibition halos from the A2T1 sample at: (a) 24 h, (b) 48 h and (c) 72 h.
The other sample (A5T1) shows a similar behavior.

The measurements of the halos at 24, 48 and 72 h respectively can be observed in
Table 5. Here, it is important to notice that the sample A2T1 showed the greatest inhibition
halo, which corresponds with the results obtained in the release study.
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Table 5. Diameter of the growth inhibition halos (mm) on time.

Samples 24 h 48 h 72 h

A0T1 37 ± 2 37 ± 2 37 ± 2
A2T1 37.0 ± 0.6 38 ± 1 40.1 ± 0.5
A5T1 37.5 ± 0.5 37.6 ± 0.4 37.7 ± 0.3

2.7. pH Study

The pH values of the samples over time are shown in Table 6, where it can be observed
that in the first minutes of the setting reaction, the pH remains basic but as the reaction
progresses the medium acidifies in accordance with Equations (1)–(4). This effect is more
significant with the increase in the sodium alginate contents of the formulations.

Table 6. Investigation of pH values of the samples.

t (min) t (h) A0T0 A0T1 A2T0 A2T1 A5T0 A5T1

5 0.08 7.24 7.24 7.26 7.22 7.19 7.23
60 1 7.06 6.87 7.13 7.16 7.11 7.13
120 2 6.92 6.37 7.01 6.69 6.84 6.54
185 3 6.84 6.28 6.79 6.63 6.35 6.42
240 4 6.78 5.93 6.74 6.44 5.98 6.33
300 5 6.74 5.81 6.50 6.22 5.70 6.17
360 6 6.72 5.71 6.41 6.18 5.58 6.12
420 7 6.67 5.68 6.36 6.10 5.49 6.08

1440 24 6.60 5.41 6.29 5.89 4.91 5.87
2304 96 6.47 5.01 6.05 5.60 4.74 5.45

2.8. Cell Viability Test

Figure 6 displays the cell viability percentages of the samples in the first 72 h of the
initial setting. All samples show a percentage above 70, which means that the materials are
not cytotoxic according to the standard ISO 10993-5. It also can be seen that the addition of
sodium alginate and tetracycline improve the cell viability.

Figure 6. Cell viability assay of the samples at the 24, 48 and 72 h.

3. Discussion

The addition of sodium alginate interferes in the setting reaction, delaying the nucle-
ation of the brushite crystals by making a substitution with the Ca2+ ions in the solution.
This delay in the initial growth of the crystals causes a marked decrease in the final size
of crystallites, as the amount of alginate increases. On the other hand, the presence of the
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drug also affects the initial growth of the crystals, as explained elsewhere. However, in the
presence of alginate, the effect is opposite, but not enough to completely counteract the
influence of the drug. The change to a higher value of the cation valence causes an increase
in the stability of the alginate complexes that go from being inter- or intramolecular to only
being intermolecular at higher valences. Compared with sodium (monovalent cation), the
stability of the calcium chelate is remarkably higher than that of sodium, not only for the
solubility or viscosity, but several thermodynamic evidences [34,35].

In this study, we showed that the addition of tetracycline in combination with the
alginate causes a decrease in the compressive strength of CPC. Tetracycline tends to
form chelates with Ca2+ ions, which causes a delay in the primary nucleation of the
crystals [34,35]. This produces a greater porosity and an increase in setting time, which
affects the mechanical properties of cement [10,16,21,23].

The decrease in compressive strength values is expected after 72 h of incubation. The
solubility and high hydration capacity of MCPM and the biodegradability of β-TCP are
conditioning factors for the low values of mechanical properties, even with the addition of
alginate, widely reported and discussed, which should increase them, but competes with
the drug’s solubility that decreases it [10,13,21].

In the samples with tetracycline, the presence of alginate improved the injectability.
Samples with a drug as a salt are more injectable, which is also evidence that the presence
of antibiotics affects the setting reaction of the cement, causing it to be retarded. This allows
the material to be more fluid for a longer period of time, promoting injectability, as has
been reported in previous investigations [10,12,13].

The release of tetracycline in the matrices is guided by a diffusion mechanism in the
first few hours, mainly due to the drug that is close to the edges of the matrix and according
to the geometric shapes and the drug solubility. In the case of the samples that contain
sodium alginate, the release is controlled by a diffusion mechanism in conjunction with the
relaxation of the polymer chains. For a second stage, the release no longer depends only on
the solubility of the drug, but also on other factors, such as the advance of the release front,
the concentration of the drug and the diffusion medium added. In this case, the logistic
function that fits the release profile manages to encompass not only the mechanisms of the
second stage but also the diffusion mechanisms that govern the first stage, which is why it
is able to describe the entire release process [10,30,32,33,36].

The effectivity of the cements as drug release systems was proven by the inhibition
zones, within which there was no bacterial growth in the culture medium. The results of
the microbiological study demonstrated that the antibiotic not only is released, but also
maintains its pharmacological activity [30,37,38].

The pH study reveals that the increment of hydroxyl groups causes a drop in the
pH around the cement due to the presence of alginate. The crosslinking among Ca2+ and
alginate increases the viscosity of the medium in the first stages. In addition, the Ca2+

incorporated in the crosslinking process with alginate releases PO4
3− into the medium,

contributing to the possibility of a decrease of pH values [24,26,39]. This is an important
factor to take into account when viability tests of cells are made, since it is a determinant
for the survival of the cells in the in vitro tests.

The addition of sodium alginate, a biocompatible natural polymer, provides a sub-
strate that promotes cell growth, resulting in an increase in the cell viability [12,25,26,40].
Moreover, tetracycline creates a safe nest, free from bacteria, which can positively affect the
cell development in the implant.

4. Materials and Methods

4.1. Cement Preparation

All chemicals employed were of analytical grade, used as received. β-TCP was
synthetized by a wet neutralization reaction using CaO and H3PO4 (both: Merck KGaA,
Darmstadt, Germany), following the method described by Carrodeguas and de Aza [41].
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For the preparation of the CPC, MCPM (Merck KGaA, Darmstadt, Germany) and
β-TCP were mixed in the solid phase and, depending on the experiment, 2 or 5% of sodium
alginate was added to the liquid phase as a reinforcement. In order to determine their
possible uses as a drug release system, 1% tetracycline (Ningxia Qiyuan Pharmaceutical
Co., Yinchuan, China) was added as an antibiotic. A solution of sodium citrate was used as
a liquid phase of the cements and as a setting retarder. A comparative study to analyze the
composition effect on compressive strength, injectability, drug release and antimicrobial
activity was carried out. The effect of the independent variables, the quantity of β-TCP
used and the addition or not of sodium alginate and/or tetracycline, was studied through
the experiments described in Table 7.

Table 7. Experimental design, MCPM/β-TCP = 45/55%. Liquid phase = 0.5 mL/g.

Series Sodium Alginate (% w/w) Tetracycline (% w/w)

A0T0 0 0
A0T1 0 1
A2T0 2 0
A2T1 2 1
A5T0 5 0
A5T1 5 1

4.2. X-ray Diffraction (XRD)

Phase characterization was carried out by means of X-ray diffraction, in a Rigaku
Rotaflex, RU200B diffractometer with Cu-Kα radiation (1.54056 nm). The scans were
made in a 2 θ angular interval of 10–60◦ and a scanning speed of 0.02◦/min. The results
were interpreted using the X’Pert HighScore PANalytical program database, version 3.0
(PANalytical B. V. Almelo, The Netherlands). Crystal size was calculated using the Debye
Scherrer tools of the software.

4.3. Electronic Microscopy
4.3.1. Scanning Electronic Microscopy (SEM)

The samples were coated with a 20 nm film of gold in a BAL-TEC MED 020 system
and placed in a desiccator until analysis. A JEOL microscope, JSM-6360LV (Jeol Ltd., Tokyo,
Japan) with Oxford EDX probe (Oxford Instruments, High Wycombe, UK), magnification
of 5–300,000, resolution of 3 nm and acceleration voltage of 30 kV, was used for the
microstructural analysis.

4.3.2. Transmission Electron Microscopy (TEM)

Samples were diluted in Milli-Q water. Subsequently, carbon-coated grids (Form-
var/Carbon on 200 Mesh Copper; AGS162; Van Loenen Instruments; Zaandam, the Nether-
lands) were glow-discharged using the Emitech K950X Turbo Evaporator (Quorum Tech-
nologies; Ashford, UK) at 2 × 20−1 mbar and 20 mA for 1 min. Next, 3 μL of sample
solution were applied on the freshly glow-discharged grid and allowed to adhere for 1 min.
Afterwards, excess liquid was discarded by blotting onto a filter paper and the sample was
air-dried for 10 min. Grids were mounted on a room temperature holder and examined using
a FEI T12 Spirit BioTwin (FEI Company; Hillsboro, OR, USA) equipped with an OneView
Camera Model 1095 (Gatan; Pleasanton, CA, USA) at a voltage of 120 kV. Digital images
were acquired and stored using DigitalMicrograph 3.4 (Gatan, Pleasanton, CA, USA).

4.4. Mechanical Characterization

For the compressive strength of the material, 12 mm height and 6 mm diameter
specimens were prepared. The samples were immersed in Ringer’s solution at 37 ◦C and
tested after 24 h of the cement preparation, immediately after being extracted in order to
maintain hydration. The study was carried out in a universal testing machine (TestCom-5,
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IBERTEST, Madrid, Spain) with a load cell of 200 N and at 1 mm min−1 load application
speed. The compressive strength (σc) in MPa was determined by the following formula:

σc =
F

A0
=

4P
πd2 ·10−6 (8)

where P is the maximum breaking load (N) and d is the diameter of the specimen (m). Five
specimens were tested for each formulation.

4.5. Injectability Study

The injectability of the samples was determined by extruding a certain quantity of the
paste placed in a commercial plastic syringe of 5 mL capacity and with an exit diameter in
the nozzle of 2 mm [42]. The extrusion was performed by placing the syringe in a universal
testing machine (TestCom-5, IBERTEST, Madrid, Spain) using a compression speed of
15 mm/min until reaching a maximum load of 100 N [43]:

%Injectability =
mass o f injected material

total mass o f material
·100% (9)

4.6. Drug Release Study

Test specimens of the cements of 6 mm in height and 12 mm in diameter loaded with
tetracycline were used. The samples were immersed in 10 mL of Ringer’s solution in glass
bottles at (37.0 ± 0.5) ◦C throughout the study. The solution in contact with the specimens
was completely extracted at the established times and replaced with 10 mL of fresh solution.
The extractions were made every half hour until 5 h of the cement preparation and, after
that, at 24 h up to seven days. Five specimens of each formulation were prepared and
evaluated. The determination of the antibiotic released to the solution was carried out
in a UV-Visible Spectrophotometer (Shimadzu, Kyoto, Japan) at a wavelength of 276 nm
and the results were reported as a cumulative amount of the tetracycline released versus
time [44].

4.7. Microbiological Study

For the microbiological study, specimens of 6 mm in height and 12 mm in diameter
were prepared. In order to evaluate the antimicrobial susceptibility of the composites,
strains of Staphylococcus aureus Agar Tripton were used, at a strain concentration ad-
justed with a turbidimetric method employing as a reference a 0.5 MacFarland standard
(1 × 108 CFU mL−1). Subsequently, 500 μL of a previously prepared culture medium of
Mueller-Hinton agar (Merck KGaA, Darmstadt, Germany) was inoculated in Petri dishes.
After a period of 20 min the test specimens were placed on top of the plates containing the
culture medium and the bacterial suspension and were incubated at 37 ± 1 ◦C for a period
of 72 h. Three specimens were tested for each formulation and the inhibition zone was
measured with the software SCAN 500 Automatic Colony Counter Version 6.

4.8. pH Study

For the pH study, the samples of 300 mg approximately, were immersed in 10 mL
of PBS at 37 ◦C of temperature and the pH was measure (HI-83300 pH-meter, Hanna
Instruments, Woonsocket, RI, USA) over 7 h of the first day and then at the 24 and 96 h.

4.9. Cell Viability

MTS assay. To further corroborate the cell viability results, an MTS assay was
performed. This is a colorimetric technique in which (3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium), in the presence of phenazine
methosulfate (PMS), produces a formazan product that has an absorbance maximum at
490 nm in PBS. Scaffold samples with dimensions like a viability assay were loaded with
osteoblastic MC3T3-E1 cells (density: 104 per well; 500 μL of cell suspension), and then
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incubated for 24, 48 and 72 h; 100 μL of the supernatant solution was extracted to a 96-well
plate for reading into a tunable, spectrophotometric microplate reader (VersaMax, Molecu-
lar Devices, San José, CA, USA with Program Softmax Pro) and the absorbance (λ = 490 nm)
was measured.

4.10. Statistical Calculations

Graphs and statistics were performed with OriginPro 2021 (OriginLab Corp., Northamp-
ton, MA, USA). Data are reported as mean ± standard deviation (SD), unless stated otherwise.
Error bars represent the SD calculated from tests of triplicate measurements for each scaffold.

5. Conclusions

Six DCPD formulations were obtained in which the influence of the addition of sodium
alginate and/or tetracycline on magnitudes such as mechanical properties, release capacity,
injectability, microbiological response and cell proliferation was studied. The addition
of sodium alginate caused an increase in mechanical properties and cell proliferation, as
well as release in the final stages. The injectability and the pH values decreased, as well
the release in the first stage, due to its dependence on diffusion and where the viscosity
provided by the sodium alginate interferes with the process.

The addition of tetracycline had less marked effects. In this case, all the magnitudes
increased their value except the case of pH, results that agree with the state of the art of the
subject. Certainly, when both substances coincided in the formulation, the values of the
properties broke the trend, an unequivocal sign of materials science, where magnifying one
property leads to sacrificing the values of another. However, the materials obtained proved
to be a promising option in the restoration of bone tissue with the added functionality of a
controlled drug release system.
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Abstract: Transdermal drug delivery system (TDDS) is an attractive method for drug delivery with
convenient application, less first-pass effect, and fewer systemic side effects. Among all generations
of TDDS, transdermal nanocarriers show the greatest clinical potential because of their non-invasive
properties and high drug delivery efficiency. However, it is still difficult to design optimal transder-
mal nanocarriers to overcome the skin barrier, control drug release, and achieve targeting. Hence,
surface modification becomes a promising strategy to optimize and functionalize the transdermal
nanocarriers with enhanced penetration efficiency, controlled drug release profile, and targeting drug
delivery. Therefore, this review summarizes the developed transdermal nanocarriers with their trans-
dermal mechanism, and focuses on the surface modification strategies via their different functions.

Keywords: transdermal drug delivery; transdermal nanocarrier; surface modification; enhanced pen-
etration efficiency; controlled release; targeting delivery

1. Introduction

Transdermal drug delivery systems (TDDS) have been developed as an attractive
drug administration method in clinical dermatology [1]. Compared to the conventional
oral route, intravenous, or subcutaneous injection, the TDDS provide an easier application
without the first-pass effect and systemic side effects [2]. Nowadays, TDDS are widely
applied in treatment for many dermatological diseases, such as psoriasis, contact dermatitis,
and skin cancer. Moreover, TDDS is also suitable for long-term administration, especially
for insulin delivery and some analgesic agents [3]. However, TDDS need to conquer the
skin barriers, including stratum corneum (SC), surrounding lipid bilayer, and dermal
tissue [4].

Therefore, great efforts have been made to achieve a better transdermal delivery ef-
ficiency during the past decades. Many transdermal delivery enhancement technologies
have been developed from the first-generation to the fourth-generation, such as iontophore-
sis, electroporation, ultrasound, microneedles, and most recently, the nanocarriers [5].
Among them, nanocarriers show the greatest potentials in clinical applications, because of
their independence on extra equipment, low skin irritation, and no damage on the intact
skin barrier. In addition, nanocarriers can encapsulate macromolecules and hydrophilic
agents such as non-steroidal drugs, photosensitizers, and some chemotherapy agents,
as well as increase the drug stability and retention [6–9].

Various nanocarriers have been developed and investigated as useful TDDS. By opti-
mizing the components and formulation, the nanocarriers can achieve ideal morphological
and physico-chemical characteristics (such as size and surface charge). Although they
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display the potentials in transdermal delivery, their therapeutic applications suffer from
their limited penetration ability, drug encapsulation and release, and so on [10]. Recently,
based on the well-developed nanocarriers, many studies concentrated on surface modifica-
tion to further improve their therapeutic applications. The flexible structures and exposed
functional groups provide the opportunity for this procedure.

Herein, this review aims to present recent progress on different transdermal nanocar-
riers as well as their functionalization with different surface modifications. Furthermore,
the functional transdermal nanocarriers can overcome the barriers in transdermal deliv-
ery, and their surface modification strategies provide feasibility ideas to promote their
clinical applications.

2. Overview of Transdermal Drug Nanocarriers

In the past decades, lots of nanocarriers have been developed and applied for trans-
dermal drug delivery. Their structure and transdermal delivery mechanism vary with dif-
ferent components. The most investigated transdermal nanocarriers, including lipid-based
nanovesicles, lipid nanoparticles, polymeric nanoparticles, some inorganic nanoparticles,
and others, are summarized below (Table 1 and some transmission electron microscopy
(TEM) images shown in Figure 1).

Table 1. Summary of typical components, structure, and transdermal mechanisms of transdermal nanocarriers.

Classification Typical Components Structure Transdermal Delivery Mechanism Ref.

Lipid-based
nanovesicles

Liposomes Phospholipid,
cholesterol

Spherical vesicles
with one or more
lipid bilayers and

aqueous inner core

The phospholipid component
interacts with the lipids of the SC. [16]

Ethosomes

Phospholipid,
ethanol (high

concentration up to
20–50% w/w)

Ethanol increases the fluidity of
phospholipid bilayers and disrupts

the membrane barrier of SC.
[17]

Transfersomes Phospholipid,
edge activators

The edge activators increase the
flexibility and deformability for

passing through the narrow pores.
[18]

Niosomes Nonionic surfactants,
cholesterol

Similar to liposome
The nonionic surfactants enhance
the drug encapsulation efficiency.

[19]

Glycerosomes Phospholipid,
glycerol, cholesterol

Similar to transfersome
The glycerol improves the elasticity

and deformability.
[20]

Invasomes

Phospholipid,
ethanol (low

concentration as 3%
w/w), terpenes

Ethanol and terpenes disrupt the SC
lipid structure and increase the

membrane elasticity.
[21]

Lipid
nanoparticles

Solid lipid
nanoparticles

Solid lipids
Solid particles with
non-aqueous core

The lipid nanoparticles form a
mono-layer lipid film to enlarge the

inter-keratinocyte gap.
The lipid components and

incorporated surfactant could
disrupt skin structure and increase

the intercellular space.

[11,22]

Nanostructured lipid
carriers

Solid and liquid
lipids

Polymeric nanoparticles
Natural polymers

and synthetic
polymers

Solid colloidal
carriers

They create a drug concentration
gradient to enhance the

drug permeation.
Some small or positively charged

polymeric nanoparticles can
penetrate through epidermal barrier

through paracellular route and
hair-follicle route.

[13,22,23]
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Table 1. Cont.

Classification Typical Components Structure Transdermal Delivery Mechanism Ref.

Inorganic
nanoparticles

Gold nanoparticles Au

Solid and rigid
particles

Some small nanoparticles can
penetrate the skin through the
lipidic matrix of the stratum
corneum and through hair

follicle orifices.

[24,25]

Fe3O4 nanoparticles Fe3O4
They penetrate into deeper dermis

via transfollicular route. [26]

CuS nanoparticles CuS

The near-infrared absorption
induces the localized thermal
ablation of SC and facilitate

the penetration.

[27]

Dendrimers Poly (amidoamine)
and other polymers

High-branched
polymeric

nanocarriers

Serving as penetration enhancer
through interaction with skin

lipid bilayers
[28]

Micelles Amphiphilic
polymers, surfactants

Spherical or irregular
monolayer structure

Improving the water solubility
of drugs [29–31]

Nanoemulsions Water, oil, surfactants Dispersions of water
and oil

Disrupting the skin lipid bilayers;
Increasing solubility for both

liposoluble and water-soluble drugs
[22]

Nanogels Polymers Cross-linked network
structure

The nanocarrier dispersions prolong
the topical contact duration and

increase localized
drug concentration.

Cationically charged nanogels
interact with epidermis.

[32–34]

Figure 1. (A) TEM images of 5-aminolevulinic acid-loaded ethosomal vesicles. Adapted from Reference [8] with permission
of The Royal Society of Chemistry. (B) TEM images of triptolide-loaded nanostructured lipid carriers (NLC). Adapted from
Reference [11] with permission. (C) TEM images of the citrate-capped gold nanoparticles. Adapted from Reference [12] with
permission. Copyright (2017) American Chemical Society. (D) TEM images of silk fibroin nanoparticles. Reproduced from
Reference [13] Copyright (2018), with permission from Elsevier. (E) TEM images of water-in-oil (w/o) nanoemulsions of
caffeine. Reproduced from Reference [14]. Copyright (2010), with permission from Elsevier. (F) TEM images of hyaluronic
acid nanogels. Reproduced from Reference [15]. Copyright (2015), with permission from Elsevier.
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2.1. Lipid-Based Nanovesicles

Lipid-based nanovesicles are defined as spherical vesicles with one or more lipid bi-
layers and aqueous inner core, in which hydrophilic drugs can be encapsulated in internal
core and hydrophobic drugs can be inserted in external lipid bilayers. Liposomes, the clas-
sic and most mature lipid-based nanovesicles, are generally formed with phospholipid
molecules and cholesterol as a stabilizer [35]. The phospholipid component could interact
with the lipids of the SC, namely fusion mechanism, and thus achieve the transdermal
effect. Some deformable liposomes are also reported to penetrate through SC with their
intact structure [16]. However, its penetration in the deeper skin layer is limited and the ac-
cumulation was mainly observed in the epidermis because of its relatively low fluidity [36].
Therefore, great efforts have been made to improve the skin penetration.

Ethosomes and transfersomes are the most investigated innovative lipid-based nanovesi-
cles, with increased softness, deformability, and elasticity [37]. Ethosomes, composed of
phospholipid and ethanol, are generally formed as multilamellar nanovesicles. Ethanol can
increase the fluidity of phospholipid bilayers, disrupts the membrane barrier of SC,
and thus enhances the penetration ability [17]. Transfersomes are composed of phos-
pholipid and edge activators (such as Tween 80, Span 80, and sodium cholate). The edge
activators, as the membrane-softening agent, endow transfersomes with remarkable flexi-
bility and deformability for passing through the narrow pores [18].

Some other lipid-based nanovesicles are also developed with different compositions.
Niosomes are synthesized with cholesterol and nonionic surfactants, which replace the
phospholipid. The nonionic surfactants enhance the drug encapsulation efficiency and
cholesterol increases the rigidity and stability [19]. Glycerosomes, as the term implies,
are composed of glycerol, which serves as the same role of edge activators in transfersomes.
The glycerol improves the elasticity and deformability of the vesicle with a dose-dependent
effect [20]. Terpenes are introduced to form the invasomes because they can disrupt the SC
lipid structure and increase the membrane elasticity at a low concentration as 1% w/v [21].

2.2. Lipid Nanoparticles

Different from lipid-based nanovesicles, lipid nanoparticles are solid particles,
mainly encapsulating drug molecules in a non-aqueous core. They include solid lipid
nanoparticles (SLN), composed of solid lipids, and nanostructured lipid carriers (NLC),
as the second generation, composed of solid and liquid lipids. Compared to SLNs, liq-
uid lipids in NLCs avoid recrystallization of solid lipids and thus increase the stability.
Some surfactants are introduced to reduce the interfacial tension between the aqueous
phase and hydrophobic lipid structure and to improve the formulation stability [38].

The transdermal delivery mechanism of lipid nanoparticles remains unclear. The possi-
ble mechanisms are as follows: the lipid nanoparticles demonstrate skin adhesive property
and form a mono-layer lipid film, which results in the “occlusion effect”, to avoid the water
evaporation, enlarge the inter-keratinocyte gap, and thus enhance the drug penetration [22].
It is also reported that the lipid components and incorporated surfactant could disrupt skin
structure and increase the intercellular space by their interaction with skin lipid layer, espe-
cially in SC. Gu et al. observed the skin structure after being treated with triptolide-loaded
lipid nanoparticles [11]. The SEM images and histopathological analysis demonstrated the
inflated SC, loose texture, and dilated epidermis, indicating the interaction between lipid
nanoparticles and skin.

2.3. Polymeric Nanoparticles

Polymeric nanoparticles can be prepared by both natural polymers and synthetic poly-
mers. The natural polymers, such as chitosan, gelatin, and albumin, are easily biodegrad-
able and biocompatible. Chitosan, one of the most frequently used natural materials,
is positively charged, which is suitable for encapsulating negative-charged drugs via
electrostatic interaction and facilitates the cellular internalization [39]. Meanwhile, the func-
tional groups of chitosan provide great potential for further surface modification [40].
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Compared to natural polymers, the synthetic polymers show better purity and consistency.
Synthetic polymers are biodegradable, such as polylactides and poly (lactic-co-glycolic
acid) (PLGA) copolymers, or non-biodegradable, like poly (methyl methacrylate) and
polyacrylates. The nanoparticles formed from synthetic polymers are frequently used for
delivering the hydrophobic drugs [39].

The size of polymeric nanoparticles is generally too large to pass through the SC, where
they can form as a drug reservoir and create a drug concentration gradient to enhance
the drug permeation [22]. Tomoda et al. introduced the iontophoresis to enhance the skin
penetration of negatively charged PLGA nanoparticles [41]. Takeuchi et al. developed
positively charged chitosan-coated PLGA nanoparticles for iontophoretic transdermal
delivery of positively charged drugs and observed that the nanoparticles penetrated
through the follicle pathway [23]. Recently, Takeuchi et al. synthesized 40-nm silk fibroin
nanoparticles which can reach the deeper dermis through both paracellular route and
hair-follicle route [13]. It is indicated that polymeric nanoparticles smaller than a certain
size can penetrate through the epidermal barrier.

2.4. Inorganic Nanoparticles

Inorganic nanostructures are widely applied in drug delivery for cancer therapy
with their probable bio-imaging and phototherapy potential. Some nanoparticles with
positive charge, high surface lipophilicity, and small size have transdermal capability
by passively penetrating SC [2]. Because of their great stability and high potential for
surface functionalization, some studies have also evaluated the transdermal drug delivery
efficiency of some inorganic nanoparticles.

Gold nanoparticles are well explored as TDDS, because of their low cytotoxicity and
controllable particle size [42]. As reported, the skin penetration amount and rate increase
with the decreasing particle size; moreover, the accumulation of 15-nm size particles
are observed in deep dermis [24]. Furthermore, the surface ligands bind with the gold
nanoparticles with Au-S bonding, which means various ligands could be conveniently
conjugated on the surface of particles by pre-thiolation [12]. This specific characteristic of
gold nanoparticles enables the application in gene delivery. Zheng et al. conjugated gold
nanoparticles with thiolated epidermal growth factor receptor (EGFR) siRNA duplexes
(SNA-NCs) via Au-S bonding [25]. The SNA-NCs penetrated through whole skin layer
and successfully abolished EGFR expression in mouse model.

Some other metallic particles are also observed for transdermal application. Fe3O4
nanoparticles with a pH-sensitive amide bond successfully penetrate into deeper dermis
via transfollicular route [26]. Photothermal CuS nanoparticles with near-infrared irritation
can induce localized thermal ablation of SC and facilitate the penetration of particles [27].

2.5. Other Nanocarriers

Dendrimers are high-branched polymeric nanocarriers used as TDDS for transport
hydrophobic agents and macromolecules, such as photosensitizers and chemotherapeutic
agents. Conventional dendrimers with composition of poly (amidoamine) could not ef-
fectively cross the skin barrier but show penetration enhancer potential because of the
interaction with skin lipid bilayers [28]. Recently, some studies concentrate on the size and
surface charge of dendrimers and then developed the second-generation dendrimers with
smaller size and skin penetration capability [43].

Micelles, also one type of polymeric nanocarriers, are composed of amphiphilic
polymers or surfactants agglomerating in an aqueous medium [29]. Their flexible formu-
lation endows micelles with drug co-delivery ability. Generally, the lipophilic drugs are
loaded in core, while hydrophilic drugs are located mainly in the shell [30]. As TDDS,
the micelles can increase the skin penetration by improving the water solubility of drugs.
The polymer components are blocked by intact SC, and thus have less improvement for
low-permeability drugs [31].
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Nanoemulsions (NE) are dispersions of water and oil stabilized by surfactants, form-
ing nanometric droplets of oil in water (O/W), water in oil (W/O), and bi-continuous
emulsions. These different systems are suitable for delivering both hydrophobic and hy-
drophilic drugs. The oil phase and surfactants can disrupt the skin lipid bilayers and SC
and enhance the drug permeation. Furthermore, the unique bi-phase structure provides
excellent solubility for both liposoluble and water-soluble drugs, which leads to an in-
creased drug concentration gradient for better penetration [22]. Shakeel et al. prepared
W/O nanoemulsions of hydrophilic caffeine and 5-fluorouracil for transdermal anti-cancer
therapy [14,44]. The W/O nanoemulsions significantly increased the drug permeation
through para-cellular transportation. The limitation of nanoemulsions is long-term stability
with the risk of Ostwald ripening, and overdosing surfactants may result in additional
cytotoxicity [45]. Therefore, an ideal formulation with a suitable surfactant ratio still needs
to be developed.

Nanogels are chemically or physically cross-linked polymers in nanosize swelling
in medium. The cross-linked network structure demonstrates unique stimuli-responsive
nature for drug loading and modulated releasing [15]. Nanogels could enhance the drug
penetration mainly by following two aspects. Firstly, the stable nanocarrier dispersions in
medium prolong the topical contact duration and form a localized high concentration of
loaded drugs. Secondly, cationic polymers could be introduced in the network structure to
interact with negatively charged keratinocytes [32]. Jayakumar et al. developed curcumin
and 5-fluorouracil-loaded chitin nanogels for melanoma treatment [33,34]. The drug
retention in the dermis of cationically charged chitin nanogels increased 4- to 5-fold as
compared to the control solution. As observed in histological studies, the thinner keratin
layer and fragmentation of SC revealed the interaction of chitin and epidermis.

3. Surface Modifications and Their Functions

Although various types of nanocarriers have been developed as TDDS, they still
face some challenges, such as limited drug penetration efficiency, burst release, and lack
of targeting. Recently, some studies focused on surface modifications to improve the
transdermal nanocarriers to overcome their limitations (Table 2).

Table 2. Summary of introduced surface modifications via their functions.

Functions Surface Modifier Nanocarrier Achieved
Improvement

Ref.

Enhanced penetration efficiency

Oleic acid
Niosomes;
polymeric

nanoparticles

Increasing
penetration depth [46,47]

Ceramides
Vesicular

phospholipid
system

Increasing drug
deposition in the skin [48]

Polymers

PEG PDA NPs
Preventing aggregation;
Increasing penetration

depth
[49]

PIPP

Cellulose
nanocrystal

(CNC)-stabilized
emulsions

Increasing surface
hydrophobicity

and stability;
Increasing

penetration depth

[50]

Cell-penetrating peptide Lipid-based
vesicles

Increasing cell uptake
and internalization;

Improving skin
penetration and

permeation

[51–53]
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Table 2. Cont.

Functions Surface Modifier Nanocarrier Achieved
Improvement

Ref.

Controlled release

Sustained drug
release

Oleic acid Polymeric
nanoparticles

Controlled release
lasting 72 h [54]

Dabco surfactants Liposomal system Sustained release of 50%
loaded drug in 12 h [55]

Oxidized chitosan Nanofibers Sustained release of 50%
loaded drug in 9 h [56]

Activated
modulated

release

Thermosensitive
poly-N-isopropylacrylamide

(PNIPAAm)
Liposomes

Drug release and skin
permeation begin from

37 ◦C
[57]

Thermosensitive polyglycerol (tPG) Nanogels
Drug release and skin

permeation begin from
40 ◦C

[58]

Cationic hydroxyethyl cellulose (JR400) MoS2
nanoparticles

Irritated by
near-infrared
808 nm laser

[59]

Targeting drug delivery

Hyaluronic acid and derivatives Niosomes;
Cdot-Ce6 Cancer cell targeting [60,61]

Epidermal growth factor Fusion peptide
carrier Melanoma cell targeting [62]

BQ-788 (endothelin ETB receptor
ligand)

ZnO quantum
dots Melanocyte targeting [63]

Integrin αvβ3 ligand
Escherichia coli
derived outer

membrane
vesicles

Melanoma cell targeting [64]

3.1. Enhanced Penetration Efficiency

The penetration efficiency, including drug penetration depth and drug permeation
amount, is the most critical parameter of the transdermal nanocarriers [65]. The drug
transdermal diffusion pathways are mainly divided into two pathways: transappendageal
pathway and transepidermal pathway [4]. The transappendageal pathway is known as
a shunt route, because the presence of skin appendages, such as hair follicles and sweat
glands, provide natural openings for drug penetration [66]. The transepidermal path-
way, including intercellular pathway, is a tortous route through intercellular bilayered
matrix, and the transcellular pathway is where drugs diffuse directly through corneocytes.
Although the transappendageal pathway has natural opening with high penetration effi-
ciency, it constitutes only 0.1% of skin surface area [4,22], and even does not exist in some
skin lesions and scars. Therefore, the improvement generally concentrates on intercellular
pathway and transcellular pathway. The current main strategies are divided into two as-
pects, disturbing cell membrane and cell junction with lipid components and some surface
surfactants, or increasing cell uptake with cationic ligands and cell penetrating agents.

Oleic acid is generally used as penetration enhancer for drug passive transdermal
penetration by increasing the fluidity of skin lipids [67]. Pando et al. investigated the effect
of oleic and linoleic acids on the niosomes entrapping resveratrol, a low water-soluble and
photosensitive drug [46]. The results indicated the oleic and linoleic acids can enhance
the penetration of poorly water-soluble drugs. Punit et al. developed polymeric bilayered
nanoparticles with PLGA inner core and chitosan as an outer coat for simultaneous delivery
of spantide II (SP) and ketoprofen (KP) for inflammatory skin disorders [47]. The nanopar-
ticles are modified with succinimidyl glutarate ester of PEGylated oleic acid by the formed
covalent amide bond between chitosan and PEG derivative. The in vitro penetration depth
of the modified nanoparticles has been enhanced up to 240 μm and the cumulative amount
after 24 h of SP and KP were 4.1- and 3.1-fold higher, respectively.

Ceramides, the major component of SC, has been investigated for improving the
skin penetration. Abdelgawad et al. doped the ceramide into a vesicular phospholipid
system, called “cerosomes”, which entrapped the tazarotene for the psoriasis treatment [48].
The in vitro experiments revealed that the “cerosomes” increased the drug deposition in
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the skin compared to the marketed product Acnitaz®. They also evaluated the clinical
efficiency of the tazarotene loaded “cerosomes” and Acnitaz®. After 8 weeks of treatment,
the lesions tropically treated with “cerosomes” were significantly reduced and had marked
improvement. It should be noted that, as reported, the presence of ceramide resulted
in a shape transformation from spherical to the tubular morphology, which still needs
more research.

Some polymers have also been used to enhance the penetration and permeation of
transdermal nanocarriers. Poly (ethylene glycol) (PEG), one of the most commonly used poly-
mers, shows great improvement in the transdermal penetration efficiency. As Mahmoud et al.
reported, the PEG coating could prevent the aggregation by providing steric repulsion [68].
Sunoqrot et al. have further investigated PEG with different termini for the melanin-
mimetic polydopamine nanoparticles (PDA NPs) [49]. The PDA NP itself accumulated in
the Strat-M membrane, while the PEGylated NPs could penetrate to the dermis. Among dif-
ferent various termini on the NPs surface, the anionic PEGylated NPs obtained up to 78%
drug accumulation, with great colloidal stability. Hiranphinyophat et al. introduced a
polymer, poly (2-isopropoxy-2-oxo-1,3,2-dioxaphospholane) (PIPP), as a surface modifier
for the cellulose nanocrystal (CNC)-stabilized emulsions [50]. The PIPP bound with CNC
via ring opening polymerization and the PIPP increased the surface hydrophobicity, emul-
sifying efficiency, and the particle stabilization. The in vitro study demonstrated that the
PIPP-modified particle-stabilized emulsions could penetrate through all skin layers with
increasing drug accumulation.

Cell-penetrating peptide (CPP), a kind of short, water soluble, cationic peptide,
with cell penetration ability, was recently investigated as the surface modifier. Several stud-
ies demonstrated its improvement in skin penetration and permeation because it could
destabilize SC, interact with cell membrane via electrostatic interaction, and increase
cell uptake [69]. Experimental results reveal that the content of cationic amino acids is
crucial for CPP internalization and the arginine residues have the greatest impact on in-
ternalization. The 7–15 residues of polyarginine provide most optimal improvement [70].
Kwon et al. conjugated the CPPs to DOPC liposomes via a thiol-maleimide reaction for
delivering Polygonum aviculare extract [51]. Compared to the typical liposomes, this system
improved skin penetration ability and increased the cell uptake. Wang et al. reported a CPP
conjugated lipid vesicle with SPDP cross-linker, demonstrating a higher storage stability,
increased drug delivery amount and enhanced penetration ability [52]. Jiang et al. have
synthesized CPP-modified transfersomes for delivering the paclitaxel, a chemotherapy
drug of melanoma [53]. With the CPP modification, they successfully sent the paclitaxel to
the xenografted tumor tissues via transdermal route in a mouse model.

3.2. Controlled Release

Traditional topical medicines, such as topical corticosteroids, generally result in local
side effects with long-term application and could lead to the systemic side effects with
an extreme overdose and over-absorption [71]. With development of nanocarrier encap-
sulation structure, some studies concentrated on the transdermal controlled release to
overcome the mentioned problems. The reported controlled release system of transdermal
nanocarriers could be divided into two release patterns, the sustained release and the
activated modulated release.

In sustained drug release, the drug release is prolonged over a period of time,
which provides a decreased application frequency, a prolonged treatment effect, and a
relatively stable drug concentration. Silva et al. conjugated the oleic acid on the polymeric
nanoparticles to deliver betamethasone [54]. In vitro drug release study demonstrated a
burst release of 50% loaded corticoid in the initial 10 h with a following controlled release
lasting 72 h. In addition, with encapsulation in the nanoparticles, the drug degradation
was reduced and the skin penetration was enhanced by oleic acid as reported before.

Pashirova et al. synthesized a type of surfactant containing natural moiety quinu-
clidine and 1,4-diazabicyclo [2.2.2]octane (Dabco) presenting antimicrobial activity [55].
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They modified liposomal system with this surfactant and reported a more sustained release
of loaded drug with 50% of release in 12 h. The embedded surfactants increased the
rigidity and stability of the liposomal structure, which provided the controlled release
ability, with significant influence on the skin penetration ability.

Chitosan, a biodegradable and biocompatible polymer with mucoadhesive prop-
erty, is also an ideal surface modifier for increasing the surface rigidity for nanocarri-
ers [40]. Shekh et al. conjugated the oxidized chitosan (OC) on electrospun polyacryloni-
trile nanofibers (PAN NFs) with ethylene diamine (EDA) as cross-linker for the transdermal
delivery of acyclovir (ACY) [56]. The surface anchored OC provided abundant unreacted
CHO for facilitating the binding of drug molecules via Schiff’s reaction. In vitro drug
release in PBS presented that the bared PAN NFs released over 90% of ACY in 5–7 h,
while the PAN-EDA-OC NFs released 50% of ACY with a controlled rate in 9 h.

In activated modulated release, the drug release is triggered by certain physical or
chemical process, meaning that, different from the sustained drug release pattern, ac-
tivated modulated release requires a response element. The temperature difference is
one of the most notable features of skin barrier, therefore, Fujimoto et al. developed a
temperature-responsive liposome (TR liposome) by incorporating a thermosensitive poly-
mer, named poly-N-isopropylacrylamide (PNIPAAm) [57]. The drug release and skin
permeation began at 37 ◦C and presented a temperature-dependent effect. Although the
PNIPAAm incorporation led to a larger particle size and slightly decreased the skin absorp-
tion, with the assistance of fractional laser irradiation, both drug release and transdermal
permeation were enhanced.

Rancan et al. introduced a linear thermosensitive polyglycerol (tPG) to dendritic
polyglycerol (dPG)-based nanogels for inflammatory skin diseases [58]. The skin penetra-
tion in disrupted skin samples, which mimicked the inflammatory situation, was enhanced
but still mainly limited in the SC. After irritation with infrared lamp to achieve 40 ◦C of
topical temperature, the drug release was triggered and the tissue penetration could reach
the deeper dermis.

Photothermal nanocarriers also show the potential for triggered drug release. Zhang et al.
synthesized a molybdenum disulfide (MoS2) nanoparticle modified with cationic hydrox-
yethyl cellulose (JR400) [59]. The JR400 provided the stability of drug encapsulation
without irritation and reduced the cytotoxicity of MoS2 NPs. JR400-MoS2 NPs irritated by
near-infrared 808 nm laser demonstrated a significant photothermal effect and an increased
drug release. However, the synthesized nanoparticles themselves do not have transdermal
properties, and thus the application of this drug delivery system is limited.

3.3. Targeting Drug Delivery

As long-term application of many chemotherapeutic agents and steroid hormones
has severe local and even systemic side effects, development of tissue or cell targeting
drug delivery is critical. The nanocarrier systems show great potential in targeting delivery
because of their flexible surface modifications [72]. Different from the intravenous admin-
istration, the transdermal route bypasses the vascular system, which leads to absence of
enhanced permeability and retention (EPR, a passive targeting delivery) effect. Therefore,
the improvement of the transdermal nanocarriers concentrates on the active targeting
strategies, such as some ligands for targeting specific receptors [73].

Hyaluronic acid (HA), a biocompatible polymer with transdermal effect, also could
specifically bind to CD44 receptors, which overexpress in various cancer cells [74]. Kong et al.
modified the niosomes with HA derivatives to develop the transdermal tumor targeting
nanocarrier [60]. They reported an enhanced endocytosed amount of nanocarrier by 4T1
cells with the presence of HA derivatives. Beack et al. conjugated HA to the chlorin e6
(Ce6)-carbon dot (Cdot) by EDC/NHS cross-linking for the melanoma photodynamic
therapy [61]. The Cdot-Ce6-HA conjugate demonstrated improved tissue penetration
and specific cancerous skin accumulation. With laser irritation, the tumor growth of
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subcutaneous grafted B16F10 cells was significantly suppressed, while the tumor volume
of free Ce6 group and Cdot-Ce6 group increased.

Epidermal growth factor (EGF), a specific ligand for epidermal growth factor receptor
(EGFR), which is also overexpressed in cancer cells, showed its potential for target delivery.
Ruan et al. designed a skin-penetrating and cell-entering peptide (SPACE) nanocarrier
modified with EGF for siRNA delivery to melanoma cells [62]. The in vitro experiments
indicated that the EGF gave the melanoma cell targeting ability without influence on the
tissue penetration function of SPACE.

In recent years, some other ligands are screened for selective cell targeting strategies.
Huang et al. chose the BQ-788, an antagonist selectively binding to the endothelin ETB
receptors for melanocytes, to functionalize the ZnO quantum dots (ZnO QDs), for trans-
dermal delivery of a TYR inhibitor [63]. They reported a specific cell uptake by health
melanocytes and no observed bind on the human keratinocyte line. Meanwhile, the BQ-
788/ZnO QDs in vitro delivered the TYR inhibitor. Gu et al. synthesized a high-affinity
ligand for integrin αvβ3 (named PEP), an overexpressed cell adhesion protein in cancer
cells [64]. They constructed an Escherichia coli (E. coli)-derived outer membrane vesicle
(TEVs) modified with PEP for transdermal and tumor-targeting delivery. Both in vitro and
in vivo experiments showed a specific accumulation of PEP-TEVs in the melanoma cells.
As reported, the PEP-TEVs delivered the plasmid-DNA and ICG efficiently, indicating its
potential as a multi-functional vector.

4. Conclusions and Outlook

In this review, various transdermal nanocarriers are introduced with their physico-
chemical characteristics, applications as well as delivery mechanism. Based on the present
research, the lipophilic components can interact with skin lipid layer, disrupt skin structure,
increase the intercellular space, and thus facilitate the skin penetration. Both nanovesi-
cles and solid nanoparticles can serve as TDDS. The bilayer membrane structure endows
nanovesicles with remarkable deformability and elasticity, while non-aqueous core pro-
vides solid nanoparticles with better stability. In general, nanovesicles encapsulate hy-
drophilic drugs in aqueous interior cores and load hydrophobic drugs in external lipid
bilayers. On the contrary, solid nanoparticles shield hydrophobic drugs in lipid core and
absorb hydrophilic drugs in outer aqueous phase. Moreover, smaller size is recommended
for higher specific surface area, which probably increases non-specific cell uptake and
facilitates transcellular penetration. However, the correlation of size and penetration ef-
ficiency is not absolute, and that encapsulation efficiency of drugs depends on the size
of nanoparticles. In addition, the influence of surface charge still remains controversial.
Although the positive surface charge is generally considered to promote the skin pene-
tration via enhanced electrostatic interaction with the cell membrane, some researches
have investigated a higher transdermal efficiency the negatively charged nanoparticles.
It indicates that excessive cell internalization and skin retention will result in reduced
skin penetration. Therefore, the ideal range of particle size and surface charge needs to
be explored.

Furthermore, their surface modification strategies are also reviewed to overcome the
challenges of limited penetration, uncontrolled release, and lack of targeting. As mentioned
above, we summarized the investigated surface modifiers according to their functions.
Conjugation of penetration enhancer increases the transdermal penetrability and thus
allows therapeutic agents to penetrate thick skin tissue in dermatitis and dense fibrous
tissue in scars. The realization of both sustained and activated modulated drug release
makes it possible to design the transdermal nanocarrier according to optimal tissue drug
concentration. Moreover, within selected specific ligands for target receptors, the trans-
dermal nanocarriers achieve the active drug targeting delivery capability, which is crucial
especially for skin cancer treatment. These surface modifications improve and enlarge the
clinical application of transdermal nanocarriers.
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Recently, systemic delivery via transdermal route shows great potential, especially for
insulin, vaccine, and analgesic agents, which can be only achieved by microneedle systems
at present. However, the existing transdermal nanocarriers are still limited in systemic
administration. To achieve a systemic delivery, deeper tissue penetration, transvascular
transport ability, and stable release rate are necessary. In addition, there are inadequate
in vivo studies about clear transdermal delivery mechanism and safety of long-term ad-
ministration, which are critical for further clinical translation. Moreover, ideal formulation,
high synthetic reproducibility, and good stability for storage are also necessary for pharma-
ceutical aspect.
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Abstract: Periodontal diseases are worldwide health problems that negatively affect the lifestyle of
many people. The long-term effect of the classical treatments, including the mechanical removal
of bacterial plaque, is not effective enough, causing the scientific world to find other alternatives.
Polymer–drug systems, which have different forms of presentation, chosen depending on the nature
of the disease, the mode of administration, the type of polymer used, etc., have become very
promising. Hydrogels, for example (in the form of films, micro-/nanoparticles, implants, inserts, etc.),
contain the drug included, encapsulated, or adsorbed on the surface. Biologically active compounds
can also be associated directly with the polymer chains by covalent or ionic binding (polymer–
drug conjugates). Not just any polymer can be used as a support for drug combination due to the
constraints imposed by the fact that the system works inside the body. Biopolymers, especially
polysaccharides and their derivatives and to a lesser extent proteins, are preferred for this purpose.
This paper aims to review in detail the biopolymer–drug systems that have emerged in the last
decade as alternatives to the classical treatment of periodontal disease.

Keywords: periodontitis; antibacterial properties; polysaccharides; drug delivery systems; hydrogels;
microparticles; nanoparticles; films; electrospun fibers; gels

1. Introduction

In the last 30 years, the field of controlled drug delivery systems, particularly the
study of polymers as drug carriers, has received great interest. The polymer acts either
as a support by protecting the bioactive agent during its transfer through the body until
release or by its properties controlling the release kinetics. Such a controlled release system
contains the bioactive principle loaded into the polymeric matrix or chemically bound
(ionic, covalent) to the base chain, being administered orally, parenterally, transdermally,
or surgically implanted in the body [1]. The drug will then be released at the site of the
disease by diffusion, by hydrolysis of the chemical bonds between it and the support, or by
erosion of the surface of the polymeric matrix [2].

The polymeric matrix must have an optimal combination of binding properties for
compounds that work in or in contact with the human body, which makes biopolymers
(proteins, polysaccharides) ideal candidates. Although the mechanisms of action of the
release systems thus obtained are not yet fully elucidated and their technologies are not
yet optimized, the results of some clinical experiments attest to the special value of some
natural macromolecular compounds, and to a lesser extent of synthetic polymers, as
adjuvants for the conditioning and immobilization of biologically active substances.

The main constraints that a polymer for bio-applications must meet are the (i) bio-
compatible and biodegradable. This assumes that the polymer must degrade in vivo into
compounds that are easily eliminated from the body. Otherwise, the polymeric system
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must be surgically removed after completely or almost completely releasing the drug. (ii)
The degradation products must be non-toxic and not create an inflammatory response in
the body. (iii) Degradation of the polymer must occur within a reasonable period of time.
In addition to these constraints, the choice of polymeric matrix also takes into account
several criteria: (i) Molecular weight and polydispersity of molar masses. (ii) Basic chain
geometry: linearity or cyclicity, branching, reticulation, etc. (iii) The chemical nature of
the polymer, such as its chemical composition, aqueous solubility, and ionic charge. (iv)
The polymer–drug relationship, such as the type of chemical bond that the partners can
form (covalent, ionic, or coordinative); the physical interactions between partners, if no
chemical bonds are involved; location of the pharmacologically active agent in the polymer
(per chain, as a substituent, or included in the matrix). (v) The stereochemical phenomena.

The mentioned restrictions are fulfilled by few synthetic polymers, but mostly by
biopolymers. Of this large category, the most used are polysaccharides and proteins; this
review focuses only on polysaccharides and their derivatives. Given the specific diseases of
the oral cavity, among which periodontal disease ranks first, the classes of drugs associated
with different types of polysaccharide-based supports are those with anti-inflammatory
and antimicrobial action on the microbial flora that causes periodontitis.

Numerous forms of the presentation of polymer–drug systems are currently known,
these being chosen depending on the nature of the disease, the administration mode,
the type of polymer used, etc. One of them is hydrogels (in the form of films, micro-
/nanoparticles, implants, etc.), in which the drug can be included, encapsulated, or ad-
sorbed on the surface. Another possibility is the direct association of the biologically active
compound with the polymer chains by covalent or ionic binding (polymer–drug conju-
gates).

The literature abounds with a huge amount of articles dealing with the problem of
classifying polymer–drug systems according to the way partners associate, how they are
formulated, how they respond to external stimuli, the nature of the support polymer, the
mechanism and kinetics of the release process, etc. This review will not refer to these aspects
but will only investigate the polymer–drug systems with applications in the treatment of
periodontitis. Moreover, the commercial applications/clinical trials are out of the scope of
this review.

Apart from trauma produced by injuries, the most common diseases of the oral
cavity are tooth decay, periodontal disease, oral infections, and cancer. It is estimated, for
example, that approximately 48% of the US adult population is affected by periodontitis, but
similar results have been reported in other countries. Periodontitis is therefore a chronic
inflammatory disease of the periodontal tissue caused by pathogenic microorganisms
and characterized by the destruction of the supporting structures of the teeth [3]. The
inflammation is first located in the gum but then penetrates deep and in the absence of
treatment creates bags colonized by anaerobic bacteria that erode the supporting ligaments
of the tooth until it is lost; the progress of the inflamed bags can take several years. Several
inflammatory and degenerative stages of the tissue surrounding the tooth are highlighted,
the gum, periodontal ligaments, enamel, and alveolar bone being affected in turn; these
stages in the evolution of the disease are suggestively presented in Figure 1 [4].

The understanding of the etiology and pathogenesis of periodontal disease has made
significant progress in recent decades. In all forms of the disease, the strength of the micro-
bial attack depends on the virulence of the microorganisms, the amount and composition
of the bacterial plaque, their ability to invade the tissues, and their metabolic products [5].
The periodontal microbiota is a complex community of microorganisms, many of which
are still difficult to isolate in the laboratory [6–9].
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Figure 1. Schematic illustration of the stages of evolution of periodontal disease. Reprinted from ref. [4].

Many species function as pathogens, and those that function as pathogens in a site
may exist in small amounts and in healthy sites. Bacterial accumulations cause vascular
changes typical of inflammatory reactions, the result of a loss of vascular fluid and the
migration of polymorphonuclear leukocytes from blood vessels into tissues and gingival
sulcus. There are also early losses of apical collagen from the junction epithelium that
begin during the time the bacterial plaque is deposited. The stage of chronic gingivitis
is installed but limited to the tissues located very close to the sulcular and junctional
epithelium. The supragingival plaque, if left to grow normally, accumulates and will cause
gingival inflammation with the appearance of tissue products that serve as nutrients for
Gram-negative anaerobes. At the same time, inflammation together with bacterial enzymes
open a gateway to the tissue of high molecular weight products from bacteria that penetrate
tissues, ultimately causing periodontal disease.

Among the bacteria that activate the destructive processes of the host tissues, the most
important are: Porphyromonas gingivalis, some types of Prevotella intermedia, Tannerella
forsythia, Aggregatibacter actinomycetemcomitans, Fusobacterium nucleatum, etc. [5].

Periodontal disease refers to all pathological manifestations with a multifactorial
etiology, which appear as a consequence of interactions between microbial factors (determi-
nants) and those of the host but also possible environmental influences (favorable factors)
that affect the supporting periodontium and lead to tissue destruction, the experience
of chronic evolution (with periods of activity and inactivity), and the requirement of a
complex and long-term treatment [10,11]. It is characterized by gingival inflammation,
the formation of periodontal pockets, and the destruction of the periodontal ligament and
alveolar bone, as well as by the mobilization of teeth [12].

In fact, the prevention of periodontal disease is very important, and the best way is
to remove its causes, which is the formation of bacterial plaque. Treatment often involves
the systemic administration of the free drug, with the effectiveness of the treatment be-
ing reduced as the concentration of the active principle decreases rapidly over time to
the sub-therapeutic level, when a new dose is required. The trend of recent years in the
treatment of this disease has shifted to the local release of antibiotics, antimicrobials, and
anti-inflammatory drugs, and this is through the local administration of drug delivery
systems. An ideal system of this type consists of a biodegradable, bioadhesive support,
based on natural and rarely synthetic polymers, capable of releasing the active principle
relatively controlled and for as long as possible. Several types of such systems were investi-
gated to date, such as electrospun fibers, tapes, inserts/implants, films, gels, hydrogels,
polymer–drug conjugates, dendrimers, micelles, nanocapsules, micro- and nano-spheres,
and particularly micro-/nano-capsules and liposomes.

Local administration has a number of apparent advantages over the systemic one,
directly targeting the affected area, but even in this case repeated doses of the active ingre-
dient are required to maintain a relatively constant concentration of the active ingredient,
minimizing systemic side effects [13,14]. The most common formulations for local use in
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buccal cavity are semi-solid or liquid, especially because they are both easy to administer
and borne by the patient. However, the disadvantage is the poor retention in the oral
cavity, and, therefore, the achievement of a therapeutic effect is far below the optimal
one. As a result, ways have been sought to solve these disadvantages, one of which is the
association with polymers [15]. The use of a local system of release of the drug when placed
in the periodontal pocket allows—and, therefore, maintains—a high and relatively constant
concentration in time of the drug, which is more difficult to remove by salivary secretion
and, therefore, cannot be swallowed by the patient, as well as preventing unwanted side
effects that the free drug can generate [16].

2. Polymer–Drug Systems

An ideal mechanism for the release of drugs from polymer matrices should be charac-
terized by zero-order kinetics (constant velocity) or at most of the first order.

Depending on the formulation and the application method, the duration of the drug
release can vary from a few hours to a few days, months, or even years (in the case of
implants). While the advantages of using such systems are significant, the potential disad-
vantages cannot be ignored: possible toxicity of the materials used; unwanted degradation
of the products formed; surgical action required to implant and/or to remove the implant;
the possibility that the system causes patient discomfort; and the cost of preparing and
processing controlled release systems, which can be considerably higher compared to
traditional pharmaceutical forms.

In the following, a detailed review of the different types of drug delivery systems
based on polysaccharides and their derivatives and anti-inflammatory, antibacterial, etc.
drugs, with potential application in the treatment of periodontitis that have been reported
to date in the literature are presented.

2.1. Gels

Gels are nonfluid colloidal networks or polymer networks that are expanded through-
out their whole volume by a fluid [17]. The network may be covalent in nature, formed
by cross-linking the linear chains of a polymer, by nonlinear polymerization, or formed
through the physical aggregation of polymer chains, caused by ionic bonds, coordinating
bonds, hydrogen bonds, production of coils, hydrogen bonds or hydrophobic interactions,
crystallization, or helix formation, that results in regions of local order acting as the net-
work junction points. If the regions of local order are thermally reversible, the resulting
swollen network may be termed a “thermoreversible gel”. A special category of gels is the
hydrogels, which will be discussed in the Section 2.2.

Due to the nature of the constituent polymers, the gels that can be administered in the
oral cavity are mucoadhesive systems [18], which are easy to prepare. They are applied
sublingually or in the periodontal pocket using a cannula or syringe [19] but have the
disadvantage of a quick release of the active ingredient. Gelling occurs instantly through
various mechanisms, which involve chemical or physical factors. For example, when
using ionic polymers, the presence of polyions of the opposite charge to the ionic polymer
used can cause gelling. The process occurs in situ when the polymer solution is instilled
(polyanionite, for example) in the periodontal pocket, under the action of electrolytes, such
as Ca2+, Mg2+, and Na+, which are inevitably found in the fluids of the oral cavity and
cause a change of the ionic strength of the polymer solution. Polymers that can be used
to form gels in situ through this mechanism include alginates, HA, and GG. The gelling
speed is determined by the osmotic gradient around the gel surface and the change in ionic
strength when instilling the solution produces gelling.
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2.1.1. Chitosan-Based Gels

Chitosan (CS) fulfills all of the aforementioned constraints for polymers usable as drug
carriers, to which its strong mucoadhesive character and its intrinsic antimicrobial activity
is added. CS-based gels, starting from solutions of different concentrations, are able to
include and release tetracycline hydrochloride and metronidazole benzoate. The optimal
concentration of the CS solution has been shown to be 3%, which allows the modulation of
the dose of the drug substance in an optimal way for the local therapy of periodontitis [20].
Atorvastatin is an anti-inflammatory drug commonly used to treat inflammation in the oral
cavity, but its limited solubility in water makes it less bioavailable. CS-based gels loaded
with various anti-inflammatory drugs, including atorvastatin, have recently been reported
by Özdoğan et al. In presence of atorvastatin, the bioadhesive property of the formulations
was found to increase, which would retain the delivery system at the application site and
maintain drug levels at the desired amount for a longer period of time [21]. The results
showed that combining the drug with CS improves and enhanced the anti-inflammatory
effect of atorvastatin as well as bone and tissue healing in vivo in periodontitis-induced
rats [22]. In order to increase the bioavailability of the drug, the authors have prepared
solid dispersions of the drug in some polymers (PEG, Pluronic F-68, CS) by using different
drug/polymer ratios. CS gels incorporated with particles of atorvastatin exhibited suitable
viscosity and a bioadhesive property for a high retention time of the drug at the application
site. These atorvastatin-loaded formulations exert anti-inflammatory activity enhanced by
the presence of CS [23].

Anti-inflammatory and antimicrobial CS-based nanogels using triclosan and flur-
biprofen were obtained. Flurbiprofen was directly loaded into the nanogel, and Triclosan
was prepared as nanoparticles using poly(ε-caprolactone) (PCL) [24]. The two systems
showed a sustained and rapid in vitro release of drugs. The in vivo tests on rats proved an
improved anti-inflammatory action of gels and reduction of bacterial plaque.

CS gels loaded with Schinus molle L. essential oil were evaluated for activity against bac-
teria associated with periodontal disease in dogs [25]. These gels showed their potential as
a delivery system for Schinus molle L. and presented ideal physicochemical and rheological
properties required for application on buccal tissue, such as good stability and antimi-
crobial activity against Gram-positive and Gram-negative bacteria (Staphylococcus spp.,
Streptococcus, Corynebacterium spp., Pseudomonas spp.) associated with canine periodontitis.

Thermoresponsive gels are attractive; they are liquid at low temperature and thus can
be easily injected into deep pockets, and then they can form gels under body temperature.
In the formulations reported so far, CS is associated with Poloxamer, a triblock copolymer
with a hydrophobic central segment. Thermosensitive and mucoadhesive polymer-based
sustained release moxifloxacin in situ gels for the treatment of periodontal diseases were
reported recently by Shashala et al., [26]. The gel formulation consists of a mixture of
Poloxamer and CS, which is formed during the injection in the periodontal bag at a
temperature of 37 ◦C. The mucoadhesive nature of the polymers aids the gel to adhere
to mucosa in the periodontal pocket for a prolonged time and releases the drug in a
sustained manner. In vitro drug release studies demonstrated a sustained release for
8 h, and the antimicrobial studies proved a promising antimicrobial efficiency against
Aggregatibacter actinomycetemcomitans and Streptococcus mutans. A combination of CS and
Poloxamer 407 generates a heat-sensitive mucoadhesive gel that releases levofloxacin and
metronidazole for 48 h [27,28].
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2.1.2. Gels Based on Miscellaneous Polysaccharides

Microbial polysaccharides (gellan) or cellulosic derivatives have high solubility in
water, the ability to form gels at higher concentrations, bioadhesive properties, and are
being used especially in mixtures with other polysaccharides or synthetic polymers.

Formulations containing hydroxypropyl methylcellulose (HPMC), CMCNa, Carbopol
940, and propolis extract were reported. The antibacterial activity of the most promising
formulation against Porphyromonas gingivalis was investigated by the disk diffusion method
and it appeared that it was efficient in the treatment of periodontitis, which recommends
it for clinical evaluation [29]. Doxycycline and metronidazole were incorporated recently
into a hydroxyethylcellulose (HEC) poly(vinylpyrrolidone) (PVP)/calcium polycarbophil
gel [30]. The antimicrobial activity was tested against A. actinomycetemcomitans, S. sanguinis,
P. micra, and E. corrodens, and it was noticed to have an inhibitory effect during the first 24 h,
which was kept constant until the 13th day. The in vivo test suggests that the formulated gel
is effective against bacteria that are already present or will colonize the periodontal pocket.

This category of polysaccharides, especially in mixtures with Poloxamer, can generate
heat-sensitive gels capable of sustained and constant release of the included drug. A
mixture of Poloxamer 407 and methylcellulose generates a thermosensitive gel at room
temperature, releasing simvastatin in a controlled manner for 10 days [31].

Recently, a gel based on Poloxamer 407, Carbopol 934 P, and gellan gum (thermo- and
ion-sensitive), which is formed in situ, was prepared for the local release of moxifloxacin
hydrochloride in periodontal pockets, showing a high in vitro antibacterial activity against
Staphylococcus aureus and Escherichia coli, with prospects for clinical trials [32].

2.2. Hydrogels

Hydrogels are a derived form of gels, representing a three-dimensional solid resulting
from the hydrophilic polymer chains being held together by cross-linking. The cross-
linking methods that bond the polymers of a hydrogel fall under two general categories:
physical and chemical. Hydrogels are networks capable of absorbing large amounts of
water (over 90%, sometimes up to over 10,000% in the case of superabsorbent hydrogels)
with the network remaining intact, unlike gels that can be disintegrated and fluidized by
dilution. Being able to include high amounts of water as well as substances dissolved in it,
hydrogels often possess physicochemical properties close to those of the native extracellular
matrix [33,34].

Given the presence of functional groups, such as amines, carboxylic, and hydroxyl,
in their structure, hydrogels can respond to various physical or chemical stimuli and are
considered in many cases as “smart materials”. Owing to this feature, they can encapsulate
and especially release various chemical compounds, including drugs. A recent review
discusses the “smart” hydrogels, which are able to respond to various external stimuli,
such as temperature, pH, light, glucose, enzymes, pressure, magnetic field, electric field,
or ultrasound, with the potential to be used in the treatment of periodontal disease [35].
Table 1 summarizes the latest information in the literature on obtaining hydrogels based on
polysaccharides for inclusion in drugs, with applications in the treatment of periodontal
disease, the table is organized by the cross-linking method and the nature of the polysac-
charide. The main characteristics of the hydrogel and the effects on periodontal disease
are presented.
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Table 1. Hydrogels based on polysaccharides with uses in the treatment of periodontal disease.

Cross-
Linking
Method

Polysaccharide
Cross-Linking

Agent
Drug

Features/Administration
Route

Biological
Activity/Application

Ref.

Physical
(ionic)

- CS

β-
glycerophosphate
disodium salt and

gelatin

aspirin and
erythropetin

- fast gelation induced by
gelatin

- drug release
in vitro/in vivo—up to

21 days

- effective in
anti-inflammation and

periodontium regeneration
[36]

β-
glycerophosphate

disodium salt

atorvastatin and
lovastatin

(nano-emulsions)
- thermosensitive hydrogel

-treatment of Porphyromonas
gingivalis infected oral

epithelial cells and gingival
fibroblasts

- decreased significantly
pro-inflammatory markers

expression (TNF-a and IL1ß)
and pro-osteoclastic

RANKL

[37]

β-
glycerophosphate

disodium salt

dental pulp stem
cell-derived
exosomes

- suppressing periodontal
inflammation

- modulating the immune
response

[38]

- CS
- quaternized

CS

β-
glycerophosphate

disodium salt
chlorhexidine

- thermosensitive hydrogel
- fast gelation at

physiological temperature
(6 min after insertion into

the periodontal pocket)
- release during 18 h

Porphyromonas gingivalis,
Prevotella intermedia,

Actinobacillus
actinomycetemcomitan

[39]

-
carboxymethyl-

hexanoyl
CS

β-
glycerophosphate

disodium salt

naringin
- thermosensitive hydrogel

- subgingivally
administration

- therapeutic effect
evidenced with micro-CT

imaging, histology, the
expression of

inflammation-associated
genes, myeloid

differentiation primary
response gene-88, and

tumor necrosis factor-alpha

[40]

N-phenacylthia-
zolium

bromide

- thermosensitive hydrogel
- drug release in vivo—up to

30 days

- delay the initiation and
facilitates the in vivo

recovery from periodontitis
[41]

- gellan gum
- chlorhexidine
- nanohydroxya-

patite

ionic gelation
with CaCl2

bone marrow
mesenchymal

stem
- injectable hydrogel

- inhibited Enterococcus
faecalis

- treating infectious bone
defects caused by refractory
periradicular periodontitis.

[42]

- curdlan
- polydopamine ionic gelation chlorhexidine

acetate - injectable hydrogel

- periodontal antibacterial
treatment by combining
photothermal effect and

antimicrobial
simultaneously

- bacteriostatic rate until
99.9%.

[43]

Chemical
(covalent)

- CS GA doxycycline
hyclate

- fast sweeling in aqueous
media with drug loading

- release of 40 μg/mL drug
after 24 h.

- periodontosis treatment
and periodontal

regeneration.
[44]

-
CS/hydroxyapatite GA

recombinant
human

amelogenin

- mesoporous structure
7 nm in diameter of pores)

- high surface area
(33.95 m2/g)

- high drug loading
efficiency

- antibacterial effects against
Fusobacterium nucleatum and

Porphyromonas gingivalis
- formation of bone and

cementum-like tissue.

[45]
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Table 1. Cont.

Cross-
Linking
Method

Polysaccharide
Cross-Linking

Agent
Drug

Features/Administration
Route

Biological
Activity/Application

Ref.

- CS
- PEO GA metronidazole

glucose oxidase

- sensitivity to glucose
(release of antimicrobial
drug in response to the
environmental glucose

stimulus)

- drug release at higher
glucose concentration

- great capacity to inhibit
Porphyromonas gingivalis

[46]

- cellulose
- cellulose
nanofibers

- κ-carrageenan
oligosaccharide

- epichlorohydrin surfactin and
herbmedotcin

- 75% of the drug was
released in vitro after 24 h.

- strong antibacterial activity
against Streptococcus mutans,

Porphyromonas gingivalis,
Fusobacterium nucleatum and

Pseudomonas aeruginosa
- reduced the reactive
oxygen species (ROS)

generation, transcription
factor, and cytokines
production in human

gingival fibroblast cells
(HGF) under inflammatory

conditions.

[47]

- methyl
cellulose

- xyloglucan from
tamarind seeds metronidazole

- high mucoadhesive
property

- superior injectability
properties at 25 ◦C

- local drug carriers for
periodontitis therapy [48]

- CS
methacrylate

- photo-
polymerization metronidazole

- sensitivity to glucose
(release of drug in response

to the glucose stimulus)

- porous structure allows
the control of the loaded

metronidazole release with
the glucose concentration

rising.
- local drug carriers for
diabetics’ periodontitis

therapy

[49]

double
cross-

linking
(ionic and
covalent)

- oxidized HA
- collagen

- oligomeric
proanthocyani-

dins

- tricalcium
phosphate

- carbonylated
hyaluronic acid

tetracycline

- macroporous morphology
with interconnected pores

whose diameter varies
between 50 and 250 μm

continuous release with an
effectiveness of 93% after 5

days.

- local release of the drug
into the periodontal pocket

for the treatment of
advanced chronic

periodontitis

[50]

- CS decorated
metronidazole
microcapsules
included in a
PVA matrix

4-carboxyphenyl-
boronic

acid
metronidazole

- bioadhesive
- injectable directly in the

periodontal pocket

- antibacterial effect for 14
days (in vitro tests) and for
a week (in vivo) tests on a
rat model of periodontitis

[51]

2.2.1. Physical Hydrogels

It is well known that these networks are made by the interaction of the polysaccharide
polyanion with at least divalent ions of opposite charge.

CS is by far the most widely used polysaccharide for obtaining hydrogels. CS derivatives
or mixtures thereof with other biocompatible polymers, particularly with mineral powders
(hydroxyapatite), are also reported in the recent literature as being able to generate hydrogels
usable not only for the loading/releasing of anti-inflammatory or antimicrobial drugs with
applications in the treatment of periodontitis but also for alveolar tissue regeneration. The
presence of amino groups that are quaternized in an acidic environment makes the ionic
interaction with polyvalent anions possible (sulfate anion, polyphosphate, etc.).

Recently, CS and CS derivative-based thermosensitive hydrogels have gained great
attention. They are formed in situ, at a physiological temperature, when the liquid mixture
of its components is introduced into the periodontal pocket.

Representative of these are hydrogels based on CS and cross-linked derivatives with
β-glycerophosphat discodic salt and rapid formation, which are capable of releasing the

60



Molecules 2021, 26, 2735

bioactive agent (anti-inflammatory, antibacterial, antibiotic) in fluids that simulate saliva
depending on its nature (after 18 h or even a month [41]); the advantages over the classical,
periodic administration being obvious. Hydrogel administration is done by direct injection
into the periodontal pocket [40] and, in addition to the anti-inflammatory and antibacterial
action, such systems can exhibit a positive effect on the endogenous repair of alveolar
bone [52] and can be used for periodontal treatment in an experimental periodontitis model,
such as ligature-induced periodontitis [37,38].

Microbial polysaccharides such as gellan or curdlan can generate hydrogels by ionic
gelling, in the presence of bivalent metal ions (Ca2+, for example). Gellan and nano-
hydroxyapatite-based biocomposites loaded with chlorhexidine (50 μg/m) and bone mar-
row mesenchymal stem inhibit Enterococcus faecalis in a concentration-dependent manner
and are recommended for treating infectious bone defects caused by refractory periradic-
ular periodontitis [42]. A hydrogel based on curdlan and polydopamine loaded with
clorhexcidine acetate is a potential candidate for periodontal antibacterial treatment by
combining photothermal and antimicrobial effects simultaneously [43].

2.2.2. Chemical Hydrogels

Chemical cross-linking exploits the presence of functional groups of the polysaccharide
-OH, -NH2, and -COOH in reaction with bifunctional compounds with complementary
functions (dialdehydes, epichlorohydrin) to create the three-dimensional structure. Another
way consists of the functionalization of the polysaccharide with polymerizable groups,
so that by chemically, thermally, or photochemically initiated polymerization, hydrogel
networks are obtained.

Although considered toxic, glutaraldehyde (GA) can be used, in small amounts, as a
chemical cross-linker. For example, a hydrogel based on CS cross-linked with AG, loaded
with doxycycline showing a release of 40 μg/mL after 24 h can be used for periodontal
regeneration [44]. Interestingly, a local drug carrier for diabetics’ periodontitis therapy is a
glucose-sensitive CS-poly(ethylene oxide) (PEO) hydrogel of a semi-interpenetrated type,
which can release metronidazole at a higher glucose concentration and has a great capacity
to inhibit Porphyromonas gingivalis [46]. Using the same cross-linking agent, mesoporous
hydroxyapatite/CS biocomposite hydrogels loaded with recombinant human amelogenin
were obtained; they can inhibit the growth of periodontal pathogens and promote the
formation of bone and cementum-like tissue [47].

Cellulose and its derivatives can be cross-linked with epichlorohydrin, biocomposites
containing cellulose nanofibers, and κ-carrageenan oligosaccharide. The biocomposites
loaded with surfactin and herbmedotcin exhibit antibacterial activity against Streptococcus
mutans, Porphyromonas gingivalis, Fusobacterium nucleatum, and Pseudomonas aeruginosa [48].
Xyloglucan from tamarind seeds was used as a cross-linker to obtain an injectable and
mucoadhesive methyl cellulose-based hydrogel, obtained directly in the periodontal pocket
for the in situ release of metronidazole [48].

Interestingly, hydrogels obtained by in situ cross-linking through different modes of
activation have been reported relatively recently by different groups of researchers. Light
curing is one of the methods used for this purpose. The polysaccharide is pre-functionalized
by introducing unsaturated groups as a substituent on the base chain. A hydrogel based on
CS-methacrylate loaded with metronidazole containing glucose oxidase immobilized on
its surface is able to rapidly and correspondingly adjust its inner pore structure to control
the loaded metronidazole release film with the rising glucose concentration, so it is an
important candidate for diabetics’ periodontitis therapy [49]. Another variant is the use of
glycidyl methacrylate as a cross-linker, which in the presence of CS and carboxymethyl
CS generates a hydrogel by photopolymerization, whose gelling time decreases with the
photoinitiator concentration [53].
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2.2.3. Double Cross-Linked Hydrogels

Double cross-linking can be a method of obtaining hydrogels, which is applied in
order to partially replace the covalent cross-linker with an ionic cross-linker, and thus, to
reduce the toxicity of the obtained product. However, a minimum amount of covalent
cross-linker must be maintained to ensure the required structural and mechanical stability
of the hydrogel.

Wei et al. prepared a biocomposite based on collagen cross-linked with oxidized HA
and with oligomeric proanthocyanidins, integrated with tricalcium phosphate [50], with the
intention to include tetracycline for the local release of the drug into the periodontal pocket.
The obtained hydrogels show a macroporous morphology with interconnected pores,
whose diameter varies between 50 and 250 μm (Figure 2). The biocomposite exhibits a
good mechanical strength, as well as a good biocompatibility in promoting the proliferation
of MG-63 cells. The release of the antimicrobial drug is produced with a “burst effect” (50%
released drug) after 24 h and continues with an effectiveness of 93% after 5 days.

Figure 2. SEM morphology (scale bar = 500 μm) of (A) lyophilized collagen and oxi-HA/collagen
hydrogel with the connective pores clearly shown in (B) CH–10%; (C) CH–20%; (D) CH–30%; (E) CH–
35%; and (F) CH–40% (percentages indicate the concentration of the polymer mixture in the solution
from which the hydrogel was obtained after cross-linking and lyophilization). Reprinted from
ref. [50].

An interesting injectable hydrogel consisting of a PVA matrix that included CS-
decorated metronidazole microcapsules was obtained by dual ionic and covalent cross-
linking, with the network being created by 4-carboxyphenylboronic acid bridges [51]. The
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hydrogel is bioadhesive, injectable, and administered directly in the periodontal pocket
where it exerts an antibacterial effect for 14 days according to in vitro tests and for a week
according to in vivo tests on a rat model of periodontitis.

The summary examples presented are important findings in favor of the use of in-
jectable hydrogels, especially of those sensitive to external factors, which can be formed by
cross-linking in situ, e.g., directly in the periodontal pocket.

2.3. Films

The films are matrix systems similar to nanofibers and bands, with the drug being
dispersed throughout their mass and the release being achieved predominantly by diffusion
but also by erosion or even dissolution of the matrix. Their mucoadhesive behavior in most
cases, as well as the flexibility and ease of preparation, make them preferable compared to
other formulations. In addition, buccal films can protect the wound surface, thus reducing
aches and treating the oral diseases more effectively. The size and shape of the film can be
easily shaped so that it fits perfectly into the periodontal pocket into which it is inserted.
Larger films can be applied even to the mucous membrane of the cheek but can also be cut
into smaller pieces that can be placed directly in the periodontal pocket [54].

The mucoadhesive character of CS, to which its intrinsic antibacterial activity is added,
determines its preferential use in making oral films. Ganjoo et al. obtained medium
molecular weight CS-based films and loaded them with lincomycin hydrochloride and
inserted them directly into the periodontal pouch, using solvent casting technology [55].
Although there are no strong chemical or physical interactions between the polymer matrix
and the drug, its release occurs without a burst effect, practically linear up to 100 h when
total release does not yet occur.

CS-based films charged with cyclohexidine have been shown to be effective against
Porphyromonas gingivalis, the efficacy being higher even compared to free cyclohexidine [56].
The same polymer generates biodegradable films in which metronidazole and levifloxacin
can be loaded and ensures a slow and steady release over time [57]. Combining the
antimicrobial character of CS with the ability to load drugs with an antibacterial action,
films were obtained based on this polysaccharide or in combination with HPMC, MC,
HEC, or PVA loaded with a cetylpyridinium active principle, which has a bactericidal
activity against some Gram-positive bacteria such as Streptococcus mutans and even against
some Gram-negative bacteria in higher concentrations [58]. The films with PVA showed
an antimicrobial activity comparable to Cetylpyridiunium chloride, but it is preferable
due to the longer residence time in the periodontal pocket that ensures a longer action on
Streptococcus mutans.

Labib and co-workers obtained films based on CS, HPMC, and Carbopol 934 loaded
with pentoxifylline and metronidazole, which proved to be advantageous in clinical tri-
als [59].

CS- and PVP-based films were optimized in terms of composition to obtain a high
swelling capacity in aqueous media and mechanical properties suitable for use as release
systems in the oral cavity [60]. The main goal was to optimize the oral mucoadhesive
properties but also the loading capacity of tenoxicam. The in vivo salivary pharmacokinetic
study of the optimized film revealed rapid and sustained salivary tenoxicam delivery in
the buccal cavity, so we can conclude that the polymer–drug system can be an alternative
to oral therapy for the treatment of chronic periodontitis and can provide a means to
overcome the off-targeted side effects of an orally delivered drug.

Layered films based on CS and PCL, both polymers being biodegradable, were
loaded with metronidazole, proving good mechanical properties and a slow release of the
drug [61].

Monoadhesive films loaded with biologically active compounds with action against
bacterial plaque have been reported using other types of polysaccharides. For example,
ciprofloxacin-loaded buccal films were prepared using mucoadhesive polymers as sodium
cellulose and sodium alginate, using the solvent evaporation method [62]. The films

63



Molecules 2021, 26, 2735

showed good physicochemical properties, mucoadhesion, high drug loading capacity, and
high ex vivo drug release after 12 h. The significant reduction in the bacterial count in
a periodontitis model proved a potent anti-periodontitis activity. Another study reports
the preparation and characterization of films based on PCL and alginic acid, loaded with
metronidazole and doxycycline [63]. The mechanical properties (tensile strength) are
affected by the presence of the drug, reducing with its concentration. On the contrary,
water absorption capacity increased with the increase of the drug content. The film can
be applied in the form of a ring around the tooth that is to be extracted after a week. The
application in the form of a disposable toothpick allows the dentist to access untouched
areas of deep pockets and fistulas after mechanical debridement.

Multilayer films made by the solvent evaporation technique were obtained using
surface erodible polymers, particularly cellulose acetate phthalate (CAP) and Pluronic
F-127. They were loaded with metronidazole, ketoprofen, doxycycline, or simvastine [64].
This bio-erodible system releases the drug sequentially over time, depending on the patho-
genesis of the disease, acting on its various stages and thus ensuring a more appropriate
treatment. Another multiple layer film was developed by double casting followed by a com-
pression method starting from CMCNa (which constitutes the core layer), sodium alginate
(intermediate layer that loads the drug), and thiolated sodium alginate, which constitutes
the outer drug free layers to enhance mucoadhesion and allow sustained release of the
drug—metformin hydrochloride—for 12 h. Clinical results indicated improvement of all
clinical parameters six months post treatment. The results suggested that local application
of the mucoadhesive multiple layer films loaded with metformin hydrochloride showed
great potential in the nonsurgical management of moderate chronic periodontitis [65].

Alginate in combination with bacterial cellulose and gelatin can generate multifunc-
tional composites capable of sustainably loading and releasing curcumin. [66]. Hydrated
films adhered firmly onto the skin, tests were performed on pig skin in artificial saliva, re-
vealing an adhesion time of up to 6 h. Curcumin-bearing films had substantial antibacterial
activity against Escherichia coli and Staphylococcus aureus, which are not cytotoxic to human
keratinocytes and human gingival fibroblasts but exhibited potent anticancer activity in
oral cancer cells. The versatile character of the films allows the achievement of the desired
characteristics depending on the application, some of them being the realization of patches
for skin care or the treatment of periodontitis and cancer of the oral cavity. Films based on
alginate and gelatin incorporating nanoparticles of hydroxyapatite and an antibiotic were
prepared for treating infrabony periodontal defects. It was found that there is the possibility
of tailoring drug release (of tetracycline) from the nanocomposite film by varying the drug
loading method; the release period can be extended up to 10 days [67].

HPMC-based bucoadhesive buccal films for local release of Lactobacillus brevis CD2
were prepared. They show interesting anti-inflammatory properties due to their high levels
of arginine deiminase [68]. The film is able to deliver lactobacilli inside the buccal cavity or
towards the mucosa by just changing the application side, according to the desired local
treatment, and proves their ability to be used in treating bacterial plaque in the oral cavity.
The same polysaccharide, in combination with PVA, was used to obtain films by solvent
casting and their physical–mechanical characteristics, morphology, mechanical properties,
and disintegrating time, were evaluated. The successful incorporation of povidone-iodine
and the ability of the system to deliver the drug consistently recommend it for applications
in the treatment of periodontitis [69].

Metronidazole-loaded porous matrices based on gelatin and CMCNa or HEC were
synthesized by whipping and lyophilization methods [70]. The matrices in the form of film
were analyzed firstly from a morphological point of view and then swelling, degradation,
and mechanical properties were also investigated. The applied matrices showed a high
antibacterial efficacy against anaerobic Bacteroides sp. Bacteria and a moderate cytotoxicity
in vitro on fibroblast and osteoblast cell cultures. The drug is released, in vitro, without any
“burst effect”, the release efficacy varying between 60% and 80% after 120 min, depending
on the composition of the film (Figure 3).

64



Molecules 2021, 26, 2735

Figure 3. In vitro cumulative release profile of metronidazole from matrices based on CMCNa.
Reprinted from ref. [70].

No adverse effects were showed by the metronidazole-loaded matrix based on hy-
droxyethyl cellulose after the clinical application. The decrease in periodontal pockets’
depth and bleeding was observed 1 month after a single application.

In conclusion of this section, the characteristics of polymer–drug systems in the form of
films, mentioned above, are complemented by their mechanical properties that are superior
to gels and hydrogels, which ensure a longer resistance at the site of application and,
consequently, a longer period of the loaded drug release. Their disadvantage, compared to
gels and hydrogels, is their lower drug loading efficiency, compensated by their release
with a less pronounced “burst effect” but with a constant rate that ensures a constant
concentration of the drug at the site of the disease, at the therapeutic level.

2.4. Fibers

Electrospun fibers can be produced from various polymeric materials, which can be
biopolymers, synthetic, or a combination of both and have several practical applications.
They can serve as drug delivery systems (DDS) or carriers of cells for tissue engineering. In
this section, only the studies concerning the preparation of drug-loaded electrospun fibers,
fabricated from biopolymers, for the treatment of periodontitis were taken into account.
Generally, these fibers are placed in the periodontal pocket around the tooth with the help
of an applicator and sometimes fixed with a cyanoacrylate adhesive [71]. The encapsulated
drug, especially in the lumen fibers, is thus released directly into the periodontal pocket. A
disadvantage, however, is that the introduction of fibers into the bag is a time-consuming
operation, and some patients reported discomfort during their placement and a slight
inflammation of the gums manifested by redness [72]. An example of such a system
reports tetracycline-loaded collagen-based fibers, effective in treating chronic periodontitis
for 3 months, which is even commercially available [73]. In another study, the authors
obtained fibers from mixtures of alginate and glycerin cross-linked by ionotropic gelling
(in the presence of Ba2+ cations) and loaded with ciprofloxacin and diclofenac sodium salt.
This system has proven a good drug release and it is capable of inhibiting the growth of
microbial cultures of Escherichia coli, Escherichia fecalis, and Staphylococcus mutans for over
10 days [74]. Other systems based on PCL were loaded with gentamicin sulfate. In this
case, the system effectively suppressed the development of Stapyhlococcus epidermidis for 2
weeks [75].

Coaxial electrospinning was used for the preparation of electrospun fibers based on
PLGA, gum tragacanth (GT), and tetracycline hydrochloride (TCH) as a hydrophilic model
drug [76]. Drug release studies showed that both the fraction of GT and the core–shell
structure can effectively control TCH release rate for 75 days with only 19% of burst release
within the first 2 h. These membranes might be strong enough to be easily inserted into the
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periodontal pocket and sustainably release the incorporated drug, while affording patient
compliance with low rigidity/stiffness of the membrane during the treatment.

Two antibacterial agents, ampicillin (AMP) and metronidazole (MNZ), were loaded
into a fiber mat system obtained from PLA [77]. This combination of drugs successfully
suppressed A. actinomycetemcomitans in addition to the other pathogens, F. nucleatum, P.
gingivalis, and E. faecalis.

Meloxicam (MX)-immobilized biodegradable CS-/PVA-/hydroxyapatite-based elec-
trospun fibers were prepared by Yar et al., [78]. Smoother fibers were obtained at the
highest drug concentration.

A tinidazole (TNZ)-loaded CS/PCL mucoadhesive hybrid nanofiber membrane (TNZ-
PCHNF) was prepared in order to alleviate the existing shortcomings in the treatment of
periodontitis [79]. Antibacterial activity of this membrane (at TNZ concentration of 0%,
10%, 20%, and 30%, w/w) was tested against S. aureus (MTCC1303), and it appeared that
the inhibition zone increased, as expected, with the increase in the drug concentration.

2.5. Microparticles

Such systems are solid polymeric particles, especially spherical in shape, with a di-
ameter between 1 and 1000 μm and contain the drug dispersed throughout their volume.
There may be physical, less often chemical (ionic bonds), interactions between the loaded
bioactive agent and the constituent polymeric matrix, or the drug may only be adsorbed on
the surface of the carrier. They are powdery materials obtained from both natural and syn-
thetic polymers. The category of polymers usable for this purpose includes biodegradable
ones, such as PLGA, polylactide, or poly(hydroxy alkanoates), or polysaccharides, such as
CS, pectin, hyaluronic acid, etc. The following techniques are used to obtain microparticles:
emulsification, solvent evaporation, coacervation, spray drying, electrospray, etc. [16]. The
administration can be done in the form of suspensions, toothpaste, or by direct injection
into the periodontal pocket [80]. The advantages of using these type of systems include the
following: ensuring a controlled release, increasing patient compliance, and achieving a
sustained therapeutic effect.

Doxycycline-hiclate-loaded microparticles, having a sustained release for 47 days
following a Fickian mechanism, have been shown to be effective in inhibiting microbial
cultures of Staphylococcus aureus, Porphyromonas gingivalis, and Staphylococcus mutans [81].
Doxycycline hyclate and ornidazole were loaded in CS-vanillin cross-linked microspheres
dispersed in situ gel (MLIG) implants [82]. In contrast to the previous study, the in vitro
dissolution study demonstrated a non-Fickian type of drug release mechanism for 12 days.
In addition, these formulations exhibited significant antimicrobial activity against Staphylo-
coccus aureus, Escherichia coli, and Enterococcus faecalis and were found to be biocompatible
and biodegradable during preclinical studies. Metronidazole-loaded CS particles, obtained
by cross-linking in emulsion, showed a longer release compared to mixtures of the same
microparticles and drug [83]. Microspheres of CS loaded with ornidazole (ORDZ) were pre-
pared by the emulsification ionotropic gelation method [84]. These microspheres showed
drug encapsulation in the range of 11.02 ± 0.98–32.45 ± 0.62% and sustained the release
up to 5 days. The incorporation into a Pluronic (F-127) gel increased the release up to 7
days. The antimicrobial study indicated an inhibition of growth of Staphylococcus aureus at
all drug concentrations. In another interesting study, microspheres, based on cationic CS
and anionic xanthan gum, were prepared by coacervation and were further transformed
into a gel that was loaded with chlorhexidine (CHX) [85]. CHX-containing gels exhibited
selective antibacterial effects against the growth of P. gingivalis. CHX was also loaded into
alginate-based microparticles and the authors have demonstrated that a higher amount
of CHX was released from these microparticles in comparison with PLGA microparticles
having the same particle size [86].

An antimicrobial decapeptide, KSL-W (KKVVFWVKFK-CONH2), which could main-
tain stable antimicrobial activity in saliva was loaded into PLGA/CS composite micro-
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spheres (Figure 4), prepared by electrospraying and combined cross-linking–emulsion
methods [87].

Figure 4. (A) Typical scanning electron microscope (SEM) morphologies of KSL-W-loaded PLGA and PLGA/CS composite
microspheres; (B) visualized distributions of FITC-conjugated KSL-W in PLGA and PLGA/CS microspheres under laser scanning
confocal microscope (LSCM); (C) a schematic diagram of a KSL-loaded PLGA microsphere and a KSL-loaded PLGA/CS
microsphere. PLGA, poly(lactide-co-glycolide); CS, chitosan; FITC, fluorescein isothiocyanate. Reprinted from ref. [87].

Antibacterial experiments demonstrated the prolonged antimicrobial and inhibitory
effects of these KSL/PLGA/CS microspheres on oral bacteria.

The combination of polysaccharides with bio-based polymers was also used in a study
where interleukin 1 receptor antagonist (IL-1ra) was loaded into dextran/PLGA micro-
spheres in order to evaluate the physicochemical characteristics and anti-inflammatory
properties [88,89]. It was demonstrated that these microparticles blocked the IL-1β-induced
production of pro-inflammatory cytokines in vitro.

Microparticulate polymer systems, according to experts in the field, have great poten-
tial for development in the near future as commercial products after performing several
clinical tests.

2.6. Nanoparticles

Nanoparticles are the most promising strategy in the treatment of periodontal disease,
because, due to their small diameter (between 10 and 1000 nm), they can penetrate regions
that cannot be reached by other drug delivery systems. This advantage leads to a reduction
in the frequency of administration and also ensures a more even distribution of the drug.
Submicron polymeric particles with a diameter below 500 nm were prepared by many
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techniques, using in particular natural polymers (polysaccharides, proteins), biocompatible
synthetic polymers, or mixtures thereof.

Table 2 briefly presents a series of results reported in the abundant literature of the
last 3–4 years that illustrate different nanoparticle systems carrying drugs or other active
principles with applicability in the treatment of periodontal disease.

Table 2. Examples of nanoparticulate systems reported in the literature of recent years.

Polymer-Based
Nanoparticles

Encapsulated Bioactive
Compound

Preparation Method
Antibacterial Action

Against
Application Ref.

CS

Platelet-rich plasma Ionic gelation
method Staphylococcus mutans

Complex/chronic wound
healing and soft/hard tissue

regeneration following
periodontitis treatment or tooth
extraction that needs prolonged

growth factor release

[90]

-
Precipitation from
acetic acid solution

with NaOH

Enterococcus faecalis,
Staphylococcus aureus,

Bacillus subtilis

Eliminating plasmid mediated
resistance acquired by
periodontal pathogens

[91]

Amoxicillin and
clavulanic acid

Ionotropic gelation
with

tri-polyphosphate
dentobacterial plaque

Higher efficacy by killing the
pathogen bacteria in a sustained

manner while reducing the
cellular toxicity to non-bacterial

cells

[92]

Antimicrobial peptide

Ionotropic gelation
with

tri-polyphosphate
and coating with the

peptide

Fusobacterium
nucleatum,

Porphyromonas
gingivalis,

Staphylococcus
gordonii

Treat root caries restorations to
inhibit periodontitis related

pathogens in periodontitis care
[93]

Indocyanine green as a
photosensitizer for

antimicrobial
photodynamic therapy

Ionotropic gelation
with

tripoly-phosphate

Aggregatibacter Actino-
mycetemcomitans

Potential implications for the
treatment of A.

action-mycetemcomitans
infections in periodontitis and

peri-implantitis in vivo

[94,95]

Asiaticoside containing
sulfobutyl

ether-β-cyclodextrine
complex

Ionotropic gelation
Carrier to deliver asiaticoside

for periodontal tissue
regeneration

[96]

CS-carboxymethyl
CS Doxycycline

Polyelectrolyte
complexation and

ionic gelation

Porphyromonas
gingivalis

New option for the rational
administration of doxycycline

in the clinical treatment of
periodontal disease

[97]

Lecitin-based
liposomes coated
with quaternary

ammonium N,N,N
trimethyl CS

Doxycycline

Electrostatic
adsorption of CS

derivative on
liposome surface

Porphyromonas
gingivalis,

Prevotella intermedia

Potential applications in the
clinical treatment of periodontal

disease by extensive and
efficient antibacterial activity

[98]

CS in collagen
membrane Chlorhexidine

Ionic gelation with
sodium

tri-polyphosphate
Enterococcus faecalis

Endodontic failure improves
regenerative procedures in

periapical surgery
[99]

Alginate coated CS
core–shell

nanoparticles

Transforming growth
factor (TGF)-β1 and

dexamethasone

Ionic gelation and
polyelectrolyte
complexation

Achieving healthy connective
tissue ingrowth into the apical
portion of the root canal space

and subsequently a biologically
based healing in root canal

treatment

[100]

CS–sodium
alginate

polyelectrolyte
complexes

Dimocarpus longan
leaves extract

Polyelectrolyte
complexation Staphylococcus aureus

High antibacterial potential
against bacteria that triggers

periodontitis
[101]
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Table 2. Cont.

Polymer-Based
Nanoparticles

Encapsulated Bioactive
Compound

Preparation Method
Antibacterial Action

Against
Application Ref.

Sodium alginate Metronidazole

Emulsion–solvent
evaporation method:
single emulsion and

double emulsification

Delivery of MNZ in
periodontitis up to 24 h [102]

CS coated
poly(D,L-lactide-

co-glycolide)

Lovastatin tetracycline
Double

emulsion–solvent
evaporation

Aggregatibacter actino-
mycetemcomitans,

Prevotella nigrescens

Adjunctive treatment in
periodontitis, promoted new

bone formation in three-walled
defects in beagle dogs

[103]

Metronidazol
N-phenacyl-thiazolium

Oil-in-water single
emulsion–solvent

evaporation

Reduced inflammation of
experimental periodontitis,
greater potential to resist

further periodontal breakdown

[104]

Simvastatin doxycycline Double emulsion
technology

Porphyromonas
gingivalis

Staphylococcus
sanguinis

Loaded with SIM-DOX
synergistically promoted the
repair of the periodontium

[105]

Cellulose acetate
phthalate Chlorhexidine Emulsion–solvent

diffusion technique
Reduced the dentobacterial

plaque index by 65.78%, [106]

Hydroxyl propyl
methyl cellulose,
methyl cellulose,

Carbopol 934

Coenzyme Q10
Nanoprecipitation,

solvent evaporation,
lyophilization

Management of chronic
periodontitis [107]

CS is one of the most used polysaccharides for the preparation of nanoparticles, having
the advantage of an intrinsic antibacterial activity [91]. It is often used in combination with
alginates [100,101] or with PLGA [103–105], associated with the collagen matrix [97], in the
form of derivatives [97,98] or biocomposites.

Cellulose derivatives (CAP, HPMC, MC) [105,106] or other polysaccharides (sodium
alginate) [102] are reported in recent literature.

The brief presentation in this review highlights that polymer-based controlled release
systems developed to date due to the benefits of nanotechnology are viable alternatives for
the prevention and treatment of periodontal disease but require in-depth in vivo testing on
animals and ultimately on human patients.

3. Conclusions

Periodontal disease is a worldwide health problem affecting people’s lifestyles. The
best way to fight it is to prevent it, and the best way to do this is to remove its causes,
particularly to prevent or remove the bacterial plaque. Classical methods of treating
the disease are proving ineffective, which required finding a novel approach, with the
potential use of nanotechnology being the most appropriate. The trend of recent years
in the treatment of this disease is the local release of antibiotics, antimicrobials, and anti-
inflammatory drugs, and the most appropriate method to achieve the desired effect is the
local administration of drug delivery systems based on polymers. The advantages of this
treatment are multiple because they directly target the affected area, maintain a relatively
constant level of drug concentration, and minimize systemic side effects.

Formulations based on drug-loaded polymer systems are diverse, each with advan-
tages and disadvantages.

Nanofiber-based films and membranes containing encapsulated drugs are easy to
apply either on the gingival mucosa or by insertion into the periodontal pocket, but the
amount of encapsulated drug is lower and its release faster. In addition, their removal
must often be done by surgery, which reduces the patient’s compliance.

Gels and hydrogels administered by injection have the advantage of forming directly
in the periodontal pocket, especially under the influence of external factors. The release of
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the drug is slower, especially from hydrogels, maintaining the constant concentration of
the active principle for a longer time and thus increasing the effectiveness of treatment.

The advances registered by nanotechnology have allowed the realization of micro-
and nanoparticle carrying drugs, which have a great potential for development in the
near future as commercial products. This type of release system has been found to be the
most viable alternative to date for the prevention and treatment of periodontal disease, but
their implementation in current treatment requires in-depth in vivo testing on animals and
ultimately on human patients.

Author Contributions: Conceptualization, N.B., M.P., L.I.A. and D.L.I.; methodology, N.B., M.P.,
L.I.A. and D.L.I.; writing—original draft preparation, N.B., M.P., L.I.A. and D.L.I.; writing—review
and editing, M.P. and L.I.A.; supervision, M.P. and L.I.A. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. DeRossi, D. Polymer Gels; Plenum Press: New York, NY, USA, 1991.
2. Dunn, R.L.; Ottenbrite, R.M. Polymeric Drugs and Drug Delivery Systems; American Chemical Society: Washington, DC, USA, 1991.
3. Kononen, E.; Gursoy, M.; Gursoy, U.K. Periodontitis: A multifaceted disease of tooth-supporting tissues. J. Clin. Med. 2019, 8, 1135.

[CrossRef] [PubMed]
4. Zieba, M.; Chaber, P.; Duale, K.; Maksymiak, M.M.; Basczok, M.; Kowalczuk, M.; Adamus, G. Polymeric carriers for delivery

systems in the treatment of chronic periodontal disease. Polymers 2020, 12, 1574. [CrossRef]
5. Socransky, S.S.; Haffajee, A.D.; Cugini, M.A.; Smith, C.; Kent, R.L.J. Microbial complexes in subgingival plaque. J. Clin. Periodontol.

1998, 25, 134–144. [CrossRef]
6. Lamont, R.J.; Koo, H.; Hajishengallis, G. The oral microbiota: Dynamic communities and host interactions. Nat. Rev. Microbiol.

2018, 16, 745–759. [CrossRef] [PubMed]
7. Rams, T.E.; Degener, J.E.; van Winkelhoff, A.J. Antibiotic resistance in human chronic periodontitis microbiota. J. Periodontol.

2014, 85, 160–169. [CrossRef] [PubMed]
8. Wade, G.W. The oral microbiome in health and disease. Pharmacol. Res. 2013, 69, 137–143. [CrossRef]
9. Pflughoeft, K.J.; Versalovic, J. Human microbiome in health and disease. Annu. Rev. Pathol. 2012, 7, 99–122. [CrossRef]
10. Konig, J.; Schwahn, C.; Fanghanel, J.; Plotz, J.; Hoffmann, T.; Kocher, T. Repeated scaling versus surgery in young adults with

generalized advanced periodontitis. J. Periodontol. 2008, 79, 1006–1013. [CrossRef]
11. Lundgren, D.; Asklöw, B.; Thorstensson, H.; Härefeldt, A.M. Success rates in periodontal treatment as related to choice of

evaluation criteria. Presentation of an evaluation criteria staircase for costbenefit use. J. Clin. Periodontol. 2001, 28, 23–30.
[CrossRef] [PubMed]

12. Darveau, R.P. Periodontitis: A polymicrobial disruption of host homeostasis. Nat. Rev. Microbiol. 2010, 8, 481–490. [CrossRef]
13. Holpuch, A.; Desai, K.G.; Schwendeman, S.; Mallery, S. Optimizing therapeutic efficacy of chemopreventive agents. A critical

review of delivery strategies in oral cancer chemoprevention clinical trials. J. Carcinog. 2011, 10, 23.
14. Sankar, V.; Hearnden, V.; Hull, K.; Juras, D.V.; Greenberg, M.S.; Kerr, A.R.; Lockhart, P.B.; Patton, L.L.; Porter, S.; Thornhill, M.

Local drug delivery for oral mucosal diseases. Challenges and opportunities. Oral Dis. 2011, 17, 73–84. [CrossRef]
15. Rata, D.M.; Cadinoiu, A.N.; Burlui, V.; Atanase, L.I. Polysaccharide-based orodental delivery systems. In Polysaccharide Carriers

for Drug Delivery; Maiti, S., Jana, S., Eds.; Woodhead Publishing: Sawston, UK, 2019; pp. 685–711.
16. Rajeshwari, H.R.; Dhamecha, D.; Jagwani, S.; Rao, M.; Jadhav, K.; Shaikh, S.; Puzhankara, L.; Jalalpure, S. Local drug delivery

systems in the management of periodontitis: A scientific review. J. Control. Rel. 2019, 307, 393–409.
17. Slomkowski, S.; Alemán, J.V.; Gilbert, R.G.; Hess, M.; Horie, K.; Jones, R.G.; Przemyslaw, K.; Meisel, I.; Mormann, W.;

Penczek, S.; et al. Terminology of polymers and polymerization processes in dispersed systems (IUPAC Recommendations 2011).
Pure Appl. Chem. 2011, 83, 12, 2229–2259. [CrossRef]

18. Yadav, R.; Kanwar, I.L.; Haider, T.; Pandey, V.; Gour, V.; Soni, V. In situ gel drug delivery system for periodontitis: An insight
review. Future J. Pharm. Sci. 2020, 6, 1–13. [CrossRef]

19. Pragati, S.; Ashok, S.; Kuldeep, S. Recent advances in periodontal drug delivery systems. Int. J. Drug Deliv. 2009, 1, 1–14.
20. Popa, L.; Ghica, M.V.; Dinu-Pîrvu, C.E. Periodontal chitosan-gels designed for improved local intra-pocket drug delivery. Farmacia

2013, 661, 240–250.

70



Molecules 2021, 26, 2735

21. Özdogan, A.I.; Akca, G.; Senel, S. Development and in vitro evaluation of chitosan based system for local delivery of atorvastatin
for treatment of periodontitis. Eur. J. Pharm. Sci. 2018, 124, 208–216. [CrossRef] [PubMed]

22. Özdogan, A.I.; Ilarslan, Y.D.; Kösemehmetoglu, K.; Akca, G.; Comerdov, E.; Iskit, A.B.; Senel, S.; Kutlu, H.B. In vivo evaluation of
chitosan based local delivery systems for atorvastatinin treatment of periodontitis. Int. J. Pharm. 2018, 550, 470–476. [CrossRef]
[PubMed]

23. Özdogan, A.I.; Akca, G.; Sevda, S. Development and in vitro evaluation of gel formulation of atorvastatin solid dispersions.
J. Drug Deliv. Sci. Technol. 2021, 61, 102199. [CrossRef]

24. Aminu, N.; Chan, S.Y.; Yam, M.F.; Toh, S.M. A dual-action chitosan-based nanogel system of triclosan and flurbiprofen for
localised treatment of periodontitis. Int. J. Pharm. 2019, 570, 118659. [CrossRef]

25. Alves, M.C.C.; Chaves, D.S.A.; Benevenuto, B.R.; De Farias, B.O.; Coelho, S.M.O.; Ferreira, T.P.; Pereira, G.A.; Dos Santos, G.C.M.;
Moreira, L.O.; Freitas, J.P.; et al. Chitosan gels for buccal delivery of Schinus molle L. essential oil in dogs: Characterization and
antimicrobial activity in vitro. An. Acad. Bras. Cienc. 2020, 92, e20200562. [CrossRef] [PubMed]

26. Sheshala, R.; Quah, S.Y.; Sahu, P.S.; Tan, G.C.; Meka, V.S.; Jnanendrappa, N. Investigation on solution-to-gel characteristic of
thermosensitive and mucoadhesive biopolymers for the development of moxifloxacin-loaded sustained release periodontal in
situ gels. Drug Deliv. Transl. Res. 2019, 9, 434–443. [CrossRef]

27. Bansal, M.; Mittal, N.; Yadav, S.K.; Khan, G.; Gupta, P.; Mishra, B.; Gopal, N. Periodontal thermoresponsive, mucoadhesive dual
antimicrobial loaded in-situ gel for the treatment of periodontal disease: Preparation, in-vitro characterization and antimicrobial
study. J. Oral Biol. Craniofac. Res. 2018, 8, 126–133. [CrossRef]

28. Bansal, M.; Mittal, N.; Yadav, S.K.; Khan, G.; Mishra, B.; Nath, G. Clinical evaluation of thermoresponsive and mucoadhesive
chitosan in situ gel containing levofloxacin and metronidazole in the treatment of periodontal pockets–a split-mouth, clinical
study. J. Pierre Fauchard Acad. 2016, 30, 6–14. [CrossRef]

29. Aslani, A.; Malekpour, N. Design, formulation, and physicochemical evaluation of periodontal propolis mucoadhesive gel. Dent.
Res. J. 2016, 13, 484–493. [CrossRef]

30. Nasri, L.; De Rosa, A.; Donnarumma, G.; De Gregorio, V.; Grassia, V. A new controlled-release material containing metronidazole and
doxycycline for the treatment of periodontal and peri-implant diseases: Formulation and in vitro testing. Int. J. Dent. 2019, 9374607.

31. Rajendran, S.; Kumar, K.S.; Ramesh, S.; Rao, S.R. Thermoreversible in situ gel for subgingival delivery of simvastatin for treatment
of periodontal disease. Int. J. Pharm. Investig. 2017, 7, 101–106. [PubMed]

32. Swain, G.P.; Patel, S.; Gandhi, J.; Shah, P. Development of Moxifloxacin hydrochloride loaded in-situ gel for the treatment of
periodontitis: In-vitro drug release study and antibacterial activity. J. Oral. Biol. Craniofac. Res. 2019, 9, 190–200. [CrossRef]
[PubMed]

33. Mihalache, C.; Rata, D.M.; Cadinoiu, A.N.; Patras, X.; Sindilar, E.V.; Bacaita, S.E.; Popa, M.; Atanase, L.I.; Daraba, O.M.
Bupivacaine-loaded chitosan hydrogels for topical anesthesia in dentistry. Polym. Int. 2020, 69, 1152–1160. [CrossRef]

34. Merlusca, I.P.; Ibanescu, C.; Tuchilus, C.; Danu, M.; Atanase, L.I.; Popa, M.I. Characterization of neomycin-loaded xanthan-
chitosan hydrogels for topical applications. Cellulose Chem. Technol. 2019, 53, 709–719. [CrossRef]

35. Huang, J.; Wang, Z.; Krishna, S.; Hu, Q.; Xuan, M.; Xie, H. Environment-sensitive hydrogels as potential drug delivery systems
for the treatment of periodontitis. Mater. Express 2020, 10, 975–985. [CrossRef]

36. Xu, X.; Gu, Z.; Xi, C.; Shi, C.; Liu, C.; Liu, M.; Wang, L.; Zhang, K.; Liu, Q.; Shen, Y.; et al. An injectable and thermosensitive
hydrogel: Promoting periodontal regeneration by controlled-release of aspirin and erythropoietin. Acta Biomater. 2019, 86,
235–246. [CrossRef] [PubMed]

37. Petit, C.; Batool, F.; Stutz, C.; Anton, N.; Klymchenko, A.; Vandamme, T.; Benkirane-Jessel, N.; Huck, O. Development of a
thermosensitive statin loaded chitosan-based hydrogel promoting bone healing. Int. J. Pharm. 2020, 586, 119534. [CrossRef]
[PubMed]

38. Shen, Z.; Kuang, S.; Zhang, Y.; Yang, M.; Qin, W.; Lin, Z.; Shi, X. Chitosan hydrogel incorporated with dental pulp stem cell-
derived exosomes alleviates periodontitis in mice via a macrophage-dependent mechanism. Bioactive Mater. 2020, 5, 1113–1126.
[CrossRef] [PubMed]

39. Ji, Q.X.; Zhao, Q.S.; Deng, J.; Lü, R. A novel injectable chlorhexidine thermosensitive hydrogel for periodontal application:
Preparation, antibacterial activity and toxicity evaluation. J. Mater. Sci. Mater. Med. 2010, 21, 2435–2442. [CrossRef]

40. Chang, P.C.; Chao, Y.C.; Hsiao, M.S.; Chou, H.S.; Jheng, Y.H.; Yu, X.H.; Lee, N.; Yang, C.; Liu, D.M. Inhibition of periodontitis
induction using a stimuli responsive hydrogel carrying Naringin. J. Periodontol. 2017, 88, 190–196. [CrossRef]

41. Yu, M.C.; Chang, C.Y.; Chao, Y.C.; Jheng, Y.H.; Yang, C.; Lee, N.; Yu, S.H.; Yu, X.H.; Liu, D.M.; Chang, P.C. pH-responsive
hydrogel with an anti-glycation agent for modulating experimental periodontitis. J. Periodontol. 2016, 87, 742–748. [CrossRef]

42. Xu, L.; Bai, X.; Yang, J.; Li, J.; Yuan, H.; Xie, J.; Li, J. Preparation and characterization of a gellan gum-based hydrogel enabling
osteogenesis and inhibiting Enterococcus faecalis. Int. J. Biol. Macromol. 2020, 165, 2964–2973. [CrossRef]

43. Tong, X.; Qi, X.; Mao, R.; Pan, W.; Zhang, M.; Chan, G.; Shen, J.; Deng, H.; Hu, R.; Wu, X. Construction of functional curdlan hydrogels
with bio-inspired polydopamine for synergistic periodontal antibacterial therapeutics. Carbohydr. Polym. 2020, 245, 116585. [CrossRef]

44. Qasim, S.S.B.; Nogueira, L.P.; Fawzy, A.S.; Daood, U. The effect of cross-linking efficiency of drug-loaded novel freeze gelated
chitosan templates for periodontal tissue regeneration. AAPS Pharm. Sci. Tech. 2020, 2, 173. [CrossRef]

71



Molecules 2021, 26, 2735

45. Liao, Y.; Li, H.; Shu, R.; Chen, H.; Zhao, L.; Song, Z.; Zhou, W. Mesoporous Hydroxyapatite/Chitosan loaded with recombinant-
human amelogenin could enhance antibacterial effect and promote periodontal regeneration. Front. Cell. Infect. Microbiol.
2020, 10, 180. [CrossRef] [PubMed]

46. Xiao, Y.; Gong, T.; Jiang, Y.; Wang, Y.; Wen, Z.T.; Zhou, S.; Bao, C.; Xu, X. Fabrication and characterization of a glucose-sensitive
antibacterial Chitosan-polyethylene oxide hydrogel. Polymer 2016, 82, 1–10. [CrossRef]

47. Johnson, A.; Kong, F.; Miao, S.; Lin, H.T.V.; Thomas, S.; Huang, Y.C.; Kong, Z.L. Therapeutic effects of antibiotics loaded
cellulose nanofiber and κ-carrageenan oligosaccharide composite hydrogels for periodontitis treatment. Sci. Rep. 2020, 10, 18037.
[CrossRef] [PubMed]

48. Hirun, N.; Tantishaiyakul, V.; Sangfai, T.; Ouiyangkul, P.; Li, L. In situ mucoadhesive hydrogel based on methylcellu-
lose/xyloglucan for periodontitis. J. Sol-Gel Sci. Tech. 2019, 89, 531–542. [CrossRef]

49. Liu, J.; Xiao, Y.; Wang, X.; Huang, L.; Chen, Y.; Bao, C. Glucose-sensitive delivery of metronidazole by using a photo-crosslinked
chitosan hydrogel film to inhibit Porphyromonas gingivalis proliferation. Int. J. Biol. Macromol. 2019, 122, 19–28. [CrossRef]

50. Wei, Y.; Chang, Y.H.; Liu, C.J.; Chung, R.J. Integrated oxidized-hyaluronic acid/collagen hydrogel with β-TCP using proantho-
cyanidins as a crosslinker for drug delivery. Pharmaceutics 2018, 10, 37. [CrossRef] [PubMed]

51. Dong, Z.; Sun, Y.; Chen, Y.; Liu, Y.; Tang, C.; Qu, Z. Injectable adhesive hydrogel through a microcapsule cross-link for periodontitis
treatment. ACS Appl. Bio Mater. 2019, 2, 5985–5994. [CrossRef]

52. Li, H.; Ji, Q.; Chen, X.; Sun, Y.; Xu, Q.; Deng, P.; Hu, F.; Yang, J. Accelerated bony defect healing based on chitosan thermosensitive
hydrogel scaffolds embedded with chitosan nanoparticles for the delivery of BMP2 plasmid DNA. J. Biomed. Mater. Res. A
2017, 105, 265–273. [CrossRef]

53. Chichiricco, P.M.; Riva, R.; Thomassin, J.M.; Lesoeur, J.; Struillou, X.; Le Visage, C.; Jérôme, C.; Weiss, P. In situ photochemical
crosslinking of hydrogel membrane for guided tissue regeneration. Dent. Mater. 2018, 34, 1769–1782. [CrossRef]

54. Jain, N.; Jain, G.K.; Javed, S.; Iqbal, Z.; Talegaonkar, S.; Ahmad, F.J.; Khar, R.K. Recent approaches for the treatment of periodontitis.
Drug Discov. 2008, 13, 932–943. [CrossRef]

55. Ganjoo, R.; Sonil, S.; Ram, V.; Verma, A. Medium molecular weight chitosan as a carrier for delivery of lincomycin hydrochloride
from intra-pocket dental film: Design, development, in vitro and ex vivo characterization. J. Appl. Pharm. Sci. 2016, 6, 8–19.
[CrossRef]
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Abstract: Cross-linked chitosan (CS) films with aldehyde groups obtained by oxidation of car-
boxymethyl cellulose (CMC) with NaIO4 were prepared using different molar ratios between the
CHO groups from oxidized carboxymethyl cellulose (CMCOx) and NH2 groups from CS (from
0.25:1 to 2:1). Fourier-transform infrared (FTIR) and nuclear magnetic resonance (NMR) spectroscopy
demonstrated the aldehyde groups’ presence in the CMCOx. The maximum oxidation degree was
22.9%. In the hydrogel, the amino groups’ conversion index value increased when the -CHO/-NH2

molar ratio, cross-linking temperature, and time increased, while the swelling degree values de-
creased. The hydrogel films were characterized by scanning electron microscopy (SEM) and FTIR
analysis. The curcumin encapsulation efficiency decreases from 56.74% to 16.88% when the cross-
linking degree increases. The immobilized curcumin release efficiency (REf%) and skin membrane
permeability were evaluated in vitro in two different pH solutions using a Franz diffusion cell, and
it was found to decrease when the molar ratio -CH=O/NH2 increases. The curcumin REf% in the
receptor compartment was higher at pH = 7.4 (18%- for the sample with a molar ratio of 0.25:1) than
at pH = 5.5 (16.5%). The curcumin absorption in the skin membrane at pH = 5.5 (47%) was more
intense than at pH = 7.4 (8.6%). The curcumin-loaded films’ antioxidant activity was improved due
to the CS presence.

Keywords: chitosan; oxidized carboxymethyl cellulose; hydrogel film; curcumin immobilization;
delivery system

1. Introduction

Dermatology is a constantly evolving medical field that deals with skin, nail, hair
diseases, and systemic diseases treatment, especially for those whose symptoms can be
observed primarily on the skin. The treatments performed aim to improve the skin’s
external appearance by treating various diseases and pathological conditions. Although
skin disease incidence is lower than other diseases, they significantly impact life quality,
and skin cancer or severe infections are life-threatening [1]. The most common skin diseases
reported during a patient’s lifetime were warts (41.3%), acne (19.2%), and contact dermatitis
(15.0%), followed by other forms of eczema or atopic dermatitis and urticaria [2].
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Hydrogels are three-dimensional polymeric structures that can absorb large amounts
of water or biological fluids. One of the main advantages of the hydrogels used in the local
treatment of skin diseases is their easy applicability and the possibility of reducing the
immobilized drugs’ side effects. During topical (dermal) administration, the drug initially
penetrates the stratum corneum, then diffuses into the deeper epidermis until it reaches the
dermis, being absorbed into the systemic circulation through dermal microcirculation [3].

The drug’s local administration depends on many factors, including the skin’s barrier
properties, the incorporated therapeutic compound’s physicochemical properties, and the
delivery system used [4]. The immobilized drug interaction with the polymer matrix is
essential for drug effectiveness in topical applications. The application of these delivery
systems with immobilized drugs results in the therapeutic concentration achievement in
the individual layers of the skin located in the application area. At the same time, the
serum concentration is low, which causes a decrease in the drug’s side effects [5,6].

Natural polymer-based (proteins and polysaccharides) hydrogels are most often used
in biomedical applications due to their biocompatibility, non-toxicity, biodegradability, the
similarities of their physical properties to natural tissues, low immunogenicity, and their
functional groups could be modified to obtain release systems with improved properties [1].

Polysaccharides offer a wide range of versatile functionalities and structural diversity
due to their variable molecular weight and numerous and varied functional groups (amino,
carboxyl, carbonyl, and hydroxyl) on the main chain [7]. These hydrophilic groups deter-
mine an increased solubility in water and strengthen their bioadhesive and biorecognition
characteristics (electrostatic interactions between biological tissues and polysaccharides) [8].
For example, chitosan, the only polysaccharide with a positive charge (polycation), can be
attached to negatively charged mucosal layers through electrostatic interactions [9,10].

Chitosan (CS) is a natural, cationic polysaccharide obtained by chitin’s alkaline
deacetylation process [11]. It is a semicrystalline, semisynthetic polymer with a linear
structure, composed of (1→4)-2-acetamido-2-deoxy-β-D-glucan (N-acetyl-D-glucosamine)
and (1→4)-2-amino-2-deoxy-β-D-glucan (D-glucosamine) units [12]. It has excellent prop-
erties such as biodegradability, biocompatibility, non-toxicity, and mucoadhesivity [13,14].
The CS has high reactivity and can be easily functionalized due to the hydroxyl and
amine groups found in large numbers along its chain and allow the reaction with different
cross-linking agents. Also, chitosan itself possesses biological activity. The hydrogels
obtained are used as delivery systems for the controlled release of drugs and genes [15,16],
in biosensors obtaining [17], and in medical imaging [18,19].

The hydrogels’ properties and the release of the drug from these delivery systems
depend on the type of cross-linking agent used and its concentration. The morphology of
such hydrogels is porous and depends on the cross-linking agent used [20].

Aldehydes, epoxy compounds, esters are chemical cross-linking agents commonly
used to prepare CS-based hydrogels, and sodium tripolyphosphate or sodium sulfate have
been used as ionic cross-linking agents [21–23]. In an aqueous solution, the aldehydes form
an imine bond with the amine group in the CS to give a biocompatible hydrogel. Glutaric
aldehyde acts as a cross-linking agent, and it has been shown that the morphology of the
obtained hydrogel is porous, and the pores are evenly distributed in the formed matrix [24].
Glutaric aldehyde often causes neurological and other cytotoxicities [25]. Macromolecules
containing aldehydes can be used to prepare CS hydrogels [26]. Thus, poly(ethylene glycol)
dialdehyde was used in the CS hydrogel and has been shown to improve the polymer
matrix mechanical properties as the cross-linking agent’s concentration increases [27,28].
Natural carbonyl compounds, including partially oxidized polysaccharides, are a preferred
alternative as cross-linking agents, thus increasing the application area for the hydrogels
obtained [29]. Research has shown that amino groups in CS react with aldehyde groups in
oxidized cellulose to form Schiff bases [30].

This paper reports the results obtained after preparing a biocompatible hydrogel
based on CS cross-linked with oxidized carboxymethyl cellulose (CMCOx) in which cur-
cumin was incorporated. Previous in vivo research and clinical trials have shown that
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CS-based hydrogel films with topical applications can cause rapid wound healing, stop
bleeding, reduce healing time, faster vascularization, and colonization with fibroblasts were
observed [31]. Curcumin was chosen as an active principle model used to treat skin dis-
eases due to its remarkable therapeutic properties and strong antioxidant character [32,33].
The main disadvantage of curcumin is its insolubility in water and low bioavailability
in cells. Curcumin can degrade rapidly under the influence of several factors such as
natural light, alkaline pH. It is a good metal chelator, but previous studies have shown
that curcumin-based metal complexes cause a decrease in their pharmacological action
compared with free curcumin [34]. Curcumin can be protected from degrading factors by
its encapsulation in various pharmaceutical formulations such as release systems based on
natural and synthetic polymers, liposomes, micro/nanoemulsions, solid lipid nanoparti-
cles [35]. Lipids associated with curcumin indeed increase bioavailability, but particles of
this kind do not ensure a continuous, sustained release, even if the amount of immobilized
curcumin is higher compared with biopolymers nanoparticles [36,37]. We choose CS to
obtain the hydrogel because it has antimicrobial activity and antioxidant activity, which is
an advantage over other polymers, including polysaccharides.

Oxidized derivatives (CMCOx) were obtained by converting 1,2-dihydroxyl groups
into dialdehyde groups at C2 and C3 without significant side reactions under the ac-
tion of NaIO4 [38]. Fourier-transform infrared (FTIR) and nuclear magnetic resonance
(NMR) spectroscopy identified the modified polysaccharide structure. The reverse titra-
tion reaction with Na2S2O3 was used to determine the aldehyde groups’ content and the
polysaccharide’s oxidation degree. The CMCOx molecular weight was determined by the
viscosimetric method. Several hydrogels were obtained by varying the molar ratio between
the -NH2 groups from CS and -CHO groups from CMCOx.

In order to obtain the hydrogels, the reaction temperature, the molar ratio between
CS and CMCOx (practically, between the number of moles of -CH=O and -NH2 groups),
and the cross-linking time were the parameters whose influence was studied. The different
classical characterization methods make it possible to define between the hydrogel films
obtained, those with the best water retention capacity, and the best porosity for the active
principle’s encapsulation and controlled release. The structural characterization and study
of hydrogel films’ morphology are detailed in this article.

This article’s main objective and point of originality were to optimize the reaction
conditions to obtain CS-based hydrogel films cross-linked with CMCOx with the best
physicochemical characteristics and use them as delivery systems for controlled and sus-
tained release of curcumin. The hydrogels obtained are sensitive to pH and have the
ability to encapsulate and release the active principle. The release kinetics and perme-
ability of curcumin from the obtained hydrogels were studied on chicken skin used as
a membrane in two different pH environments, at pH = 5.5 and pH = 7.4 at 37 ◦C up to
equilibrium using a Franz diffusion cell. The antioxidant activity, expressed by IC50 (the
inhibition concentration at which the DPPH radicals were scavenged by 50%) calculated
from the interpolation of the linear regression analysis for curcumin and hydrogel films
with or without encapsulated curcumin was determined. The influencing factors leading
to the intensification of antioxidant activity in hydrogel films with immobilized curcumin
were studied.

2. Results and Discussions

2.1. Preparation and Characterization of CMCOx

Sodium periodate has been used to oxidize the C2-C3 vicinal hydroxyl groups in the
carboxymethyl cellulose (CMC) glucoside cycle, but glycosidic bonds’ cleavage is also
inevitable leading to polymer degradation [39,40]. The oxidation reaction did not form
toxic compounds [41], and it took place in the dark to avoid the advanced oxidation, in
double-distilled water pH = 6.5 and a temperature of 30 ◦C. Figure S1 (Supplementary
information) schematically shows CMC’s oxidation reaction.
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2.1.1. FTIR Spectroscopy of CMC and CMCOx

FTIR spectra were recorded to demonstrate CMC oxidation by the presence of alde-
hyde groups in the modified polysaccharide. Figure 1 shows the FTIR spectra of CMC and
CMCOx for 6 h.

 

Figure 1. Fourier-transform infrared (FTIR) spectra for carboxymethyl cellulose (CMC) and oxidized carboxymethyl
cellulose (CMCOx)- the time used for the oxidation was 6 h.

The absorption peak from 1599 cm−1 in the CMC spectrum appears shifted in the
CMCOx spectra to 1631 cm−1. Absorption at 1599 cm−1 can be assigned to carboxylate
anion (νc = o) asymmetric stretch band from the glucuronic acid in the CMC spectrum [42],
and the absorption bands’ appearance at a lower frequency from 1631 cm−1, which is
characteristic for conjugated C=O, from carboxylate anion and could be determined by
CMCOx water absorption and degradation [43]. The appearance of a new absorption peak
of a lower intensity from 1677 cm−1 attributed to unsaturated ketones groups is a clear
indication that partial oxidation of CMC has occurred [44,45]. The absorption peak from
1725–1740 cm−1, specific to the aldehyde group [44], did not occur because there is the
possibility that aldehydes groups were found in the hemiacetals forms in CMCOx; the
appearance of the peak could be masking it. For example, in the case of dextran and inulin
oxidation, the authors could not identify in the FTIR spectrum the absorption band specific
to the aldehyde group [46,47]. Absorption bands from about 800 cm−1 can be attributed to
semiacetals forming between aldehyde groups and vicinal hydroxyl groups [48,49]. The
absorption band from 3593 cm−1 correspondingly to the OH-group’s elongation vibration
in the CMC spectrum becomes narrower in the CMCOx spectra. The absorption band
moves to approximately 3472 cm−1, which probably indicates that the hydroxyl groups
number has decreased due to the aldehyde group formation after the oxidation reaction.
The absorption bands from 1424 cm−1 to 1328 cm−1, also attributed to the carboxylate
anion in the CMC spectrum, are found in the CMCOx spectrum but appear slightly shifted,
indicating structural changes following the oxidation reaction.
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2.1.2. NMR Spectra of CMC and CMCOx
1H NMR and 13C NMR spectra were recorded for both CMC and CMCOx. The spectra

are shown in Figure 2 (1H NMR) and Figure 3 (13C NMR).

Figure 2. Proton nuclear magnetic resonance (1H NMR) spectra for CMC dissolved in water, CMCOx dissolved in water,
and CMCOx dissolved in DMSO.
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Figure 3. Carbon-13 nuclear magnetic resonance (13C NMR) spectra for CMC dissolved in water, CMCOx dissolved in
water, and CMCOx dissolved in DMSO.

1H NMR and 13C NMR spectroscopy were used to assess whether the CMC oxidation
had occurred and identified if the signals corresponding to the aldehyde groups were
found in the CMCOx spectra. Figure 2 shows that the 1H NMR spectra of the CMCOx
sample (the oxidation reaction time for this sample was 6 h) dissolved in deuterated water
or DMSO present characteristic peaks similar to those in the CMC spectrum. The formation
of aldehyde groups in the structural unit of CMC is highlighted in the 1H NMR spectrum
of CMCOx dissolved in water by the presence of the singlet signal at 9.24 ppm and in the
CMCOx spectrum dissolved in DMSO at 10.11 ppm, 9.92 ppm, or 9.58 ppm, these peaks
are characteristic for the proton from the aldehyde groups. Several signals in the region
of 3.14–4.7 ppm could be attributed to the CH or OH groups. 13C NMR spectroscopy
(Figure 3) shows that in the CMCOx spectrum dissolved in deuterated water, there are no
signals in the aldehyde groups region between 190 ppm and 200 ppm. Still, a characteristic
signal of carbonyl groups in ketones appears at 217.77 ppm. There is a possibility that the
hydrated form of the aldehyde groups may appear in an aqueous solution [50,51], but the
characteristic signals were not found in the spectrum of CMCOx dissolved in deuterated
water. In the spectrum of CMCOx dissolved in DMSO, there are signals of the aldehyde
groups at 204.03 ppm, 200.29 ppm, 197.78 ppm, and 194.06 ppm.

In the CMC spectrum dissolved in deuterated water, the signal at 102.45 ppm corre-
sponds to the C1 atom in the anhydroglucose unit. The signal from 71.315 ppm is attributed
to the C7 methylene group. The carboxylic group signal appears at 178.146 ppm and can
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be attributed to the carboxylated ion. The signal from 59.88 ppm can be assigned to the
C6 atom from the native CMC anhydroglucose unit, while the signal corresponding to
the C6 atom in the CMC was shifted to 70.4 ppm [52]. In the CMCOx dissolved in the
DMSO 13C NMR spectrum, we observe that the signals belonging to the C2 and C3 atoms
from 74.96 ppm and 73.28 ppm, respectively, from the CMC spectrum, no longer occur,
being an evident proof of CMC oxidation. In the 13C NMR spectrum of CMC dissolved in
water, a slight reduction of the signal intensity from these two carbon atoms was observed.
Literature mentions that when the oxidation degree is higher, these peaks’ intensity is
lower. CMC oxidation determines numerous signals in the region of 80–105 ppm. The
signals are attributed to carbon atoms from C-O-C groups of hemiacetals [50]. The results
obtained are consistent with those reported by other studies [50–52].

2.1.3. Oxidation Reaction Kinetic and Quantitative Determination of the Aldehyde Groups
Obtained in CMCOx

The variation in time of the oxidation degree of CMC was monitored by determining
the consumption of NaIO4 during the reaction. Figure 4 shows the results obtained.

Figure 4. Variation in time of the oxidation degree of CMC.

For the oxidation degree determination, a volume of 100 mL of CMC solution of
3% concentration (w/v) was prepared, and the working protocol was described in the
Section 3.4. It was found that the oxidation degree gradually increased up to 4 h when it
reaches the value of 22.11%, after which it was practically stabilized, reaching the value
of 22.9% after 6 h. Consequently, partial oxidation was achieved, which was our demand,
because advanced oxidation can result in oxidation of carbonyl groups to carboxylic
groups and, possibly, the polysaccharide chain degradation with a drastic reduction of the
molecular weight. The number of moles of aldehyde groups varies, and it was between
0.71 × 10−3 and 5.86 × 10−3 moles CHO/g of CMCOx. Similar results were found and
reported in the literature, where it was shown that the aldehyde groups’ number increases
over time in the oxidation reaction [31,53].

The first effect of CMC oxidation is the increase in its water solubility. On the one
hand, this effect is determined by the increase of the carbonyl group number, which are
less involved in the hydrogen bonds formed between the polymer chains than the -OH
groups and, on the other hand, by the decrease in the CMCOx molecular weight. The
oxidation process is completed in about 6 h in the dark. In some papers, it is estimated
that the oxidation process retardation can be caused by the hydrogen bond that is formed
between the carboxyl group of one polymer chain and the hydroxyl group from the C3
atom of neighboring chains. The oxidation degree can also be adjusted by changing the
ratio between the reactants [50].
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2.1.4. Molecular Weight Determination

The oxidation reaction can also determine the polysaccharide degradation, reducing
its molecular weight. It was considered necessary to monitor the variation of this charac-
teristic for CMCOx obtained after different oxidation times using the viscometric method.
Figure 5 shows CMC’s average viscosimetric molecular weight variation with the oxidation
reaction time.

Figure 5. Variation of the average CMC molecular weight with the oxidation process duration
determined by the viscosimetric method.

The oxidation process consequences on the CMC average molecular weight were
evaluated. Three samples were obtained by varying the oxidation reaction time (between
2 and 6 h). The reactants’ amounts were maintained constant (1 g of NaIO4 and 1 g of
CMC) in each synthesis. There was a significant reduction in CMC’s molecular weight
with increasing oxidation time due to polysaccharide degradation. The results obtained
are consistent with the results obtained by Eremeeva and Bykova [54].

The average viscosimetric molecular weight decrease from 288.7 kDa for the initial
CMC to about 83.6 kDa for CMCOx (after 6 h of oxidation), when the oxidation degree was
maximum, respectively 22.9%). The reduction of the polysaccharide’s molecular weight
took place by hydrolysis of the glycosidic bonds during the oxidation process, decreasing
when the oxidation degree increases. It can be noted that the average viscosimetric molecu-
lar weight variation of CMCOx was consistent with the oxidation degree. After four hours
of CMC oxidation, the average molecular weight value was almost constant.

2.2. Obtaining and Characterization of the CS Films with CMCOx

Hydrogel films based on CS with CMCOx were obtained at pH = 2.4 and a temperature
of 55 ◦C. At a higher pH value, CS precipitates due to the reduction of its solubility. The
reaction between the protonated amino groups from CS and the aldehyde groups from
CMCOx determines the obtaining of imine groups or Schiff bases. Some of the unreacted
amine groups form physical bonds (mainly electrostatic) with the CMCOx carboxylic
groups, as mentioned in Section 2.2.3. The structure proposed by us for the obtained film
is schematized in Figure S2 presented in Supplementary information. The cross-linking
reaction is influenced by the cross-linking time or temperature, and the amount of CMCOx
used (the molar ratio between the amino groups in CS and the aldehyde groups in CMC).
The influence of these factors on cross-linking was studied in the paper.

Curcumin was incorporated by diffusion and alcohol evaporation after the films were
dried (described in Section 3.4.9). The results of the encapsulation efficiency are given in
Section 2.2.6.

82



Molecules 2021, 26, 2185

2.2.1. FTIR Spectroscopy of the Hydrogels Obtained

Figure 6 shows the FTIR spectra of CS, CMCOx for 6 h, and the P2 sample without cur-
cumin in which the molar ratio -CHO/-NH2 was 0.375:1. The spectra were restricted only
to the wavenumber range between 1800–600 cm−1, where the differences were expected.

 

Figure 6. FTIR spectra of CS, CMCOx, and P2 films (with a molar ratio NH2/CHO = 1:0.375 mol/mol).

In the P2 sample’s spectrum, the absorption peaks characteristic of the constituents
polymers are found. The imine bond (-N=CH-), commonly called the Schiff base, is the most
common covalent bond used to create CS-based hydrogels by reaction with the carbonyl
group. Figure 6 shows in the hydrogel spectrum the appearance of new absorption peaks at
1645 cm−1, 1690 cm−1, or 1742 cm−1. The peak from 1320 cm−1 from the chitosan spectrum
was shifted at 1336 cm−1 and split into many other lower intensity peaks than the CS
spectrum. The literature states that the imine group’s (CH=N) characteristic absorption
band (1660–1630 cm−1) cannot be observed clearly, probably because it overlaps with the
chitosan amide I absorption band from the chitosan spectrum [48]. The aldehyde groups’
peak characteristic from 1677 cm−1 in the CMCOx spectrum appears shifted in the spectrum
of hydrogel films to about 1690 cm−1, indicating possible interactions between the amine
and aldehyde groups with the possibility of Schiff bases formation. The characteristic
chitosan band from 1559 cm−1 shifts in the spectrum of the P2 sample and several peaks
of lower intensities are observed, which may indicate some intermolecular interactions of
amine groups [55]. The absorption peak from 1514 cm−1 can be attributed to the stretching
vibration C=C or C=N [44,56,57].

The absorption band from 1742 cm−1 indicates the electrolytic dissociation of the
-CH 2COO–Na+ group and occurs, especially in polyelectrolyte complexes. The literature
states that this absorption band is stronger if amino groups’ consumption intensifies [58].
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Visually, the change in the hydrogel films’ yellow color is due to the imine bond formed by
the two types of functional groups’ condensation [59].

2.2.2. Scanning Electron Microscopy

The film’s surface morphology was highlighted by scanning electron microscopy.
Figure 7 shows the SEM photos at the surface of the two obtained films. To highlight
the cross-linking degree’s influence on the films’ morphology, we selected the P1 and P3
samples. The molar ratios CH=O/-NH2 used for the film obtaining are quite different
0.25:1 for the P1 sample and 0.5:1 for the P3 sample.

P1 P3 

  

  

  

  

Figure 7. Scanning electron microscopy photographs on the P1 and P3 films surface.

There was a slight difference in the morphology between these two samples. It was
found that both are relatively compact and homogeneous, with the surface revealing a slight
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porosity and roughness. The porosity decreases when the CMCOx amount increases—an
effect that can be explained by the films cross-linking density improvement determined by a
higher number of aldehyde groups employed in reaction with the amine ones from CS.

2.2.3. Amino Groups Conversion Index Determination

The free amino groups determination from CS and cross-linked CS-based hydrogel
films was essential because it provides information on the amino groups’ conversion degree
from CS to Schiff bases in the presence of aldehyde groups from CMCOx, necessary to
optimize the parameters that could influence the cross-linking reaction. The ninhydrin
test was used for this purpose. The conversion index (CI%) was analyzed for several films
differing by the initial molar ratio between the carbonyl and amine groups, compared to
the amino groups from free CS.

Based on the CS calibration curve, the number of moles of free amino groups in the
obtained hydrogel films (Na) was determined. The number of moles of amino groups that
react was established by the difference between the number of initial free amino groups in
CS (determined based on the initial CS amount added in the cross-linking reaction) (Nb)
and those determined in the films. The CI was calculated using equation (3). Several factors
that can influence the CI values were studied: the molar ratio (-CHO/-NH2), cross-linking
reaction time, and temperature. Figure 8 presents the results obtained after the amino
group conversion index determination by studying the factors influencing the cross-linking
reaction mentioned previously.

 
 

(a) (b) 

(c) 

Figure 8. The variation of the amino groups’ conversion index values by studying the cross-linking reaction influencing
factors such as (a) the molar ratios influence (treaction = 2.5 h; Treaction = 55 ◦C, pH = 2.4—it was determined for all the
samples (b) variation of CI values as a function of cross-linking time for P2 sample (T reaction = 55 ◦C, molar ratio CHO:
NH2 = 0.375:1, pH = 2.4); (c) variation of CI as a function of cross-linking temperature for P2 sample (Treaction = 55 ◦C,
molar ratio CHO: NH2 = 0.375:1, pH = 2.4).

85



Molecules 2021, 26, 2185

• The molar ratio CHO/NH2 influence the CI values

The films were obtained using different molar ratios between the amino groups from
CS and the aldehydes from CMCOx. The number of moles of amino groups from CS
was maintained constant for all samples, respectively 1.75 × 10−3 moles, varying the
number of moles of carbonyl groups. The amino groups’ CI was determined for all the
samples, without active principle immobilized, and Figure 8a presents the obtained results.
The CI values were found to increase when the CMCOx amount in the samples was
higher, reaching 85% for the 2:1 molar ratio. It was observed that the CI value for the
P1 sample, for example, in which the molar ratio was 0.25:1, was 42.27% and not 25%
as expected theoretically. The unexpectedly high value of CI could be explained only
by the existence of strong intermolecular interactions such as hydrogen bonds or by the
complexation of carboxylic groups with amine groups, which could capture the -NH2
groups not involved in Schiff-base bonds formation leading to an erroneous conclusion
about the CI value. The effect is maintained, less and less intense, up to the molar ratio
CHO/NH2 of 0.5:1 (mol/mol).

The intermolecular interactions mentioned before decrease with the increase of the
CMCOx amount by amino group consumption in the condensation reaction. Other authors
also indicate the possibility of the formation of polyelectrolytic complexes at pH = 2.4 or
2.5. A research study states that CMC can form polyelectrolytic complexes at pH = 2.4 with
gelatin at the gelatin: CMC ratio of 1.7: 1. The number of amino groups that could interact
electrostatically with the carboxylic groups of carboxymethyl cellulose is lower at pH = 2
compared to pH = 3 [60]. Also, at pH = 2.5, polyelectrolytic complexes based on CMC and
CS were prepared, and it was showed that the efficiency of obtaining them depends on the
ratio between CMC and CS [61].

The possibility of obtaining polyelectrolytic complexes at pH = 2.4 was tested to
elucidate whether the electrostatic interactions between the amino groups from chitosan
and the carboxylic groups from CMCOx can influence the CI value mentioned above.
Three films were prepared based on CS and CMC to test this hypothesis, keeping the
same polymers amounts as those corresponding to CS mixtures with CMCOx obtained
at different molar ratios CHO/NH2 (0.25:1-P1; 0.375:1-P2, and 0.5:1-P3). After drying
the films, the amino groups were determined by dosing them with ninhydrin. The ob-
tained results are presented in Table S1 (in Supplementary information), keeping the
samples’ initial codes, with the mention that for the CI (%) were introduced the fol-
lowing notations: CIchemical cross-linking and physical interactions (%), which comprise the total
amino groups percentage involved in chemical bonds and physical interactions (column 3);
CIphysical interactions (%) which express the amino groups’ percentage involved only in physi-
cal interactions (column 4); CIchemical cross-linking and physical interactions − CIphysical interactions =
CIchemical cross-linking (Shiff base) (%) which expresses the of amino groups percentage involved
only in the chemical reaction of Shiff base formation (column 5).

A first finding is that, indeed, it was found that in non-chemically cross-linked samples,
some of the amino groups from CS did not participate in the reaction with ninhydrin,
obviously because amine groups were involved in stable interactions with carboxylic
groups of CMC. It is assumed that the same effect occurs when cross-linked samples are
obtained, i.e., some of the amino groups of CS react with the CMCOx carbonyl groups, and
others interact with the carboxylic group of CMXOx. These interactions could explain the
high CI values corresponding to these samples, which do not correctly express the CI of
amino groups into Schiff bases.

Thus, for the P1 sample, CIchemical cross-linking and physical interactions − CIphysical interactions
= CIchemical cross-linking (Shiff base) (%) difference was 25.8%. The maximum theoretical value
of the corresponding CI being 25%, according to the molar ratio of the functional groups
involved in t e hP1 sample cross-linking reaction (0.25 moles of -CH=O for 1 mol of -NH2).
Similarly, for the P2 sample, the difference was 31.08%, given that the molar ratio between
these two types of functional groups was 0.375:1. For sample P3, corresponding to a molar
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ratio of 0.5 moles of -CHO groups for 1 mol of -NH2 groups, was 37.94% (compared to the
maximum theoretical value of 50%).

The high amino groups consumption once with the increase of the molar ratio between
the functional groups involved in the chemical cross-linking reaction and as the cross-
linking degree increase could lead us to the conclusion that the interaction between the
unreacted -NH2 groups from CS with -COOH from CMCOx could be diminished when the
molar ratio increase. Therefore, at a molar ratio value higher than 0.75:1 (CHO: NH2), the
CI value accurately reflects the reaction between amino groups from CS with the aldehyde
groups from CMCOx; as a result, the Schiff bases formation. Following the data presented
in Figure 8a, it was found that for the P4 sample, the CI values approached the theoretical
one and continue to increase slightly with the molar ratio value for samples P5–P7, without
reaching the maximum of 100%, even if the carbonyl groups content from samples in some
cases was in excess. In principle, this effect is not possible; the drastic reduction of the chain
fragments mobility between the obtained cross-linked network nodes and the possibility
of the functional groups’ interaction in the cross-linking reaction was reduced.

It should be noted that intermolecular bonds (physical or complexed) are reversible
and can be readily cleaved compared to irreversible chemical bonds [62]. Thus, the Schiff
bases can stabilize the hydrogel based on CS and CMCOx, but in the case of these bonds, the
possibility can exist of hydrolytic degradation in aqueous solutions. Lü et al. have shown
that hydrogels’ degradation after 24 h decreases in intensity as the cross-linking degree
increases because water molecules cannot enter into the cross-linked polymer network,
and thus the degradation is diminished [63].

• The cross-linking time and temperature influence on the amine group CI

To determine the influence of cross-linking time and temperature on CI (more precisely,
on CIchemical cross-linking and physical interactions), sample P2 was selected because the CI has a
medium value, and the influence of these parameters could be studied. Six hydrogel films
were prepared to evaluate the cross-linking time influence in which all reaction conditions
were kept constant, and only the cross-linking time was varied between 1 to 6 h. The amino
groups’ CI variation as a function of the cross-linking time for the P2 sample is shown in
Figure 8b.

Six other films were obtained to evaluate the cross-linking temperature influence on
the CI at different cross-linking temperatures between 20 ◦C and 60 ◦C, maintaining the
other conditions constant as it was described in Materials and Methods. Figure 8c shows
the CI variation as a function of the cross-linking temperature for the films obtained.

Figure 8b shows that the CI increases with increasing cross-linking time, reaching a
maximum value of 64% after 6 h. Given the -CH O/-NH2 molar ratio’s initial value, only
37.50% of the total amino groups could react with the aldehyde ones in CMCOx. It results
in the involvement of 26.5% of the total amino groups in CS in intermolecular interactions,
such as hydrogen or electrostatic bonds, with their number being slightly higher when the
cross-linking time increases.

Of course, the increase of CI with the cross-linking time can be caused both to the
increase in the number of imine-type chemical bonds between chains and the number of
intermolecular interactions of physical nature. Also, the pKa value of the carboxylic groups
in CMCO is 3.5: at a lower pH value, hydrogen bonds and electrolyte interactions can be
formed that blocks the -NH2 groups, preventing them from reacting with ninhydrin. In
our case, the pH of the cross-linking medium was 2.4. Their number may increase as the
polymers’ contact time increases at a temperature of 55 ◦C. The results are consistent with
those obtained when analyzing the molar ratio influence on the CI using the ninhydrin test.

Figure 8c shows that the CI value increases until a temperature of 30 ◦C when it reaches
a maximum value, after which its value begins to decrease. The range of CI variation
on this temperature range was not very high, with a maximum of 8%. Still, the values
remain superior to the theoretical one, with a maximum value of 37.5%. The CI would
be expected to increase continuously with the temperature (which positively influences
the chemical reactions). On the other hand, the increase of this parameter has the effect of
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cleaving the physical or hydrogen bonds between the functional groups within polymers.
As a result, ninhydrin will react with an increasing number of amino groups released
from their physical interactions, and the CI value will be reduced. However, it should
be noted that even if the temperature reaches 60 ◦C, not all physical connections were
cleaved, as the apparent value of CI remained above the theoretical value of 37.5%. The
previously presented influencing factors study allowed us to obtain important information,
qualitatively, on the most favorable conditions for obtaining hydrogel films with the
dermal application.

2.2.4. Hydrogel Films Ability to Absorb Aqueous Solutions

The hydrogel films swelling behavior in physiological fluids is essential for their
biomedical applications. On the one hand, this behavior determines the ability of the
films to be loaded with drugs and, on the other hand, influences the transport of these
drugs through the polymer network, which will influence the release kinetics of the active
ingredient. The swelling degree was determined gravimetrically for P1, P2, and P3 samples
at 37 ◦C to equilibrium in a 0.1 M phosphate buffer solution at pH = 7.4 and a 0.1 M acetate
buffer solution pH = 5.5. The influence of the CHO/NH2 molar ratio, cross-linking time,
and cross-linking temperature on the swelling degree values was studied to establish the
optimal parameters for obtaining biocompatible hydrogels for controlled and sustained
release of active principles with transdermal applications.

• The molar ratio CHO/NH2 influence on the swelling degree value

In order to study the influence of this parameter, the P1, P2, P3 samples obtained at
three -CHO/-NH2 molar ratios values were selected because the amino groups’ CI value
was medium and were representative for this determination. Figure 9 presents the swelling
degree variation in time for P1, P2, and P3 samples in two mediums of different pH values.

 
(a) (b) 

Figure 9. The variation in time of the swelling degree for P1, P2, and P3 samples using different molar ratios in two solutions
of different pH: (a) pH = 5.5 and (b) pH = 7.4.

Figure 9 shows that the value of the swelling degree decreases when the CMCOx
amount increases, regardless of the solution pH value in which the hydrogel films were
immersed, an effect absolutely consistent with the CI of the amino groups’ evolution. The
weakly alkaline environment causes an increase in the swelling degree due to the CMC
composition’s carboxylate groups. It should be noted that the electrostatic repulsions
between the polymer network chain segments are intense and are influenced by the
carboxylate groups’ number from CMCOx and determines the absorption of a higher
buffer solution amount.

• The influence of the cross-linking temperature on the hydrogel films swelling degree
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The influence of temperature on the cross-linking density and the swelling degree in
aqueous media with different pH values was studied. As mentioned in Section 3.4.7, the
films were weighed and immersed in an acetate buffer solution at pH = 5.5, respectively, in a
phosphate buffer solution at pH = 7.4. The swelling degree was determined gravimetrically
at well-established time intervals up to equilibrium. The P2 sample was considered of
reference, and it was selected for this study (the P2 sample was chosen for the study of
the cross-linking temperature influence on amino groups CI value). Four hydrogel films
were prepared using different cross-linking temperatures between 30 ◦C and 60 ◦C. As
mentioned in the Section 3.4, all other parameters were maintained at constant values. The
four hydrogel films’ swelling degree kinetics in buffer solutions were studied. The kinetic
curves obtained are presented in Figure 10.

(a) (b  

Figure 10. The variation in time of the swelling degree for the P2 sample prepared at different cross-linking temperatures in
acetate buffer solution, pH = 5.5 (a) and in phosphate buffer solution at pH = 7.4 (b).

The analysis of Figure 10a allows us to ascertain that the films can absorb water
at pH = 5.5, and the swelling degree values depend on the cross-linking temperature.
The swelling was instantaneous when the obtained samples were immersed in aqueous
solutions, and the polymers’ strong hydrophilic character determined it. At the same
time, the presence of amine groups that were protonated in a weak acid medium leads
to electrostatic repulsions between the ammonium cations formed, the effect being the
distance of the chain segments between the cross-linking nodes and, consequently, the
diffusion of an increased water amount into the polymer network. The swelling degree
increases rapidly in the first hour and then slower in the time interval range of 1–3 h with a
tendency to reach equilibrium after 8 h. The swelling degree depends on the cross-linking
temperature at which the hydrogels are obtained. In agreement with the CI evolution, the
cross-linking temperature increase after 30 ◦C determines the decrease of CI values and a
higher swelling degree value (Figure 10). Because there are strong physical interactions
between the CS chains (responsible for the amino groups’ partial blocking that can no
longer react with ninhydrin), it could be concluded that these physical interactions act as
an additional cross-linking. These interactions decrease in intensity as the cross-linking
temperature increase (see Section 2.2.3), and the swelling degree values in the aqueous
solutions increases. For the samples prepared at different cross-linking temperatures, the
same swelling degree evolution in time was recorded in the films immersed in weakly
basic aqueous solution at pH = 7.4 (Figure 10b). Still, the swelling degree values obtained
at this pH were superior to those obtained at pH = 5.5.

At temperature values above 40 ◦C, the weakly alkaline medium’s swelling degree
values are higher than in the acidic medium. However, at pH = 7.4, the -NH2 groups’ pro-
tonation from CS is no longer possible. The possible explanation of this behavior could be
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that the hydrogels obtained contain -COOH groups from CMCOx. In the alkaline medium,
the electrostatic repulsions between the formed -COO- (carboxylate) groups become very
strong and determine the polymer network relaxation, expressed by an intensified absorp-
tion of the aqueous solution; therefore, the swelling degree values increase [23]. At higher
temperatures, many -COOH groups are released from their interactions with the -NH2
groups, becoming carboxylated groups, and the electrostatic repulsions between the chain
segments of the network were intensified.

Based on these results, it can be concluded that the CS/CMCOx hydrogels are pH-
sensitive. Therefore they can be included in the category of smart hydrogels.

• The influence of the cross-linking time on the hydrogel films swelling degree

It was previously stated that the cross-linking reaction time causes higher amino
groups’ CI values, suggesting that the cross-linking degree increase even if significant
intermolecular interactions such as hydrogen bonds and electrostatic interactions occur at
the same time. Therefore, the cross-linking time influence on the swelling degree values in
buffer solutions at pH = 7.4 and pH = 5.5 of the P2 sample (with the molar ratio 1:0.375)
was studied. Six hydrogel films were obtained using different cross-linking times (between
1 and 6 h). The kinetic study of the swelling process in time in buffer solutions at pH = 5.5
and pH = 7.4 is presented in Figure 11.

 
(a) (b) 

Figure 11. Variation in time of the swelling degree for P2 sample obtained at different cross-linking times in different pH
solutions: (a) pH =5.5 and (b) pH = 7.4.

The first finding was that the swelling was faster in the first 30 min, followed by a
slower increase in swelling degree value, and finally, there was a tendency to stabilize
it after about 3 h. The cross-linking reaction duration, obviously accompanied by the
network density increase, reduces the swelling degree values in aqueous buffer solutions.
Such swelling degree evolution with the cross-linking time was expected given that the
CI of the amino groups into Schiff bases increase, and a higher aldehyde groups’ number
from CMCOx were involved in the reaction with the amine groups from CS, causing the
formation of an increasingly dense polymer network. The hydrogels’ pH-sensitive nature
was highlighted again. It is observed that, regardless of the cross-linking time, the swelling
degree values were higher in the weak alkaline medium (pH = 7.4). The explanation was
given in the previous paragraph. It is verified that if the cross-linking time increase, reduces
the swelling degree maximum value, reached after about 8 h.
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2.2.5. Encapsulation Efficiency

Curcumin was incorporated into the samples according to the protocol described in
Section 3.4.9. The results obtained for the curcumin encapsulation efficiency in the analyzed
samples are presented in Figure 12.

Figure 12. Curcumin encapsulation efficiency in CS/CMCOx films obtained at different CHO: NH2

molar ratios.

It was found that the curcumin encapsulation efficiency decreases as the CMCOx
amount in the films increases, consequently as the cross-linking degree increases. This
effect was determined because the polymer network meshes became smaller when the
cross-linking density increased, and the curcumin amount that could diffuse into the
cross-linked polymeric matrix was lower.

2.2.6. In Vitro Release Kinetics of Curcumin from Hydrogel Films

The curcumin release kinetics from the obtained films were studied on a Franz cell
using chicken skin as a membrane. The method has been described in the Section 3.4.
Figure 13 shows the curcumin release kinetic curves in 0.1 M acetate buffer solution at pH =
5.5 containing 1% Tween 80 and in a 0.1 M phosphate buffer solution containing 1% Tween
80 at pH = 7.4 for P1C, P3C, P5C. These samples were selected to highlight very clearly the
influence of the cross-linking degree, determined by the molar ratio -CHO/NH2, being
consistent with the conversion index of the amino groups, on the process of curcumin
releasing from the films. Table 1 shows the release efficiency and permeability values of
immobilized curcumin through the membrane in the Franz cell’s receptor compartment.
The exponential factor n calculated from the Ritger–Peppas [64] equation is also presented
in Table 1.

Table 1. The release efficiency and permeability of curcumin-loaded in hydrogel films through the skin membrane.

Sample Ratio

Efabs% on Skin
Membrane, %

Ef% in the
Receptor, %

Total Ef, %
P (μg/cm2) in
the Receptor
(after 48 h)

P (μg/cm2) in
Skin Membrane,

48 h

Total P
(μg/cm2), 48 h

n R2

pH 5.5
pH
7.4

pH
5.5

pH
7.4

pH
5.5

pH
7.4

pH
5.5

pH
7.4

pH
5.5

pH 7.4
pH
5.5

pH
7.4

pH
5.5

pH
7.4

pH
5.5

pH
7.4

P1C 0.25:1 47 8.6 16.5 18 64 26 41.1 71 117 35.1 158 106 0.63 0.43 0.92 0.97
P3C 0.5:1 31.6 3.6 9.5 12 41 15 33.9 66.3 113 20.4 147 87 0.48 0.53 0.81 0.91
P5C 1:01 23.3 3.2 7.4 11 31 14 28.5 49.5 90 14.9 118 64 0.53 0.31 0.97 0.99
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(a) (b) 

  

(c) (d) 

Figure 13. The curcumin release kinetics in time in acetate buffer solution at pH = 5.5 expressed as release efficiency (a) or
in terms of permeability-μg/cm2 (b) and phosphate buffer solution at pH = 7.4 expressed as release efficiency (c) or in terms
of permeability-μg/cm2 (d), for samples P1C, P3C, and P5C.

Figure 13a,c shows the kinetic curves of curcumin release in the receptor compartment
after approximately 30 h at pH = 5.5 and after 48 h at pH = 7.4. Table 1 shows that the total
curcumin released efficiency (the curcumin release efficiency from receptor compartment
cumulated with the release efficiency of curcumin calculated based on the curcumin
amount retained within skin membrane) was higher at pH = 5.5 than at pH = 7.4. The
total release efficiency at pH = 5.5 was 63.5% compared with release efficiency of 26% at
pH = 7.4 for films with a low cross-linking density (P1 sample). The release efficiency
increases when the cross-linking degree decreases, being affected by the polymer network
meshes size, which was higher when the cross-linking degree was lower. The amount of
curcumin retained in the skin membrane (based on which the release efficiency within
the skin was calculated) was lower at pH = 7.4 than at pH = 5.5 (Table 1). The pKa value
of CS varies between 6.17 and 6.51 [65,66]. At a pH lower than the pKa value, the free
amino groups could be protonated and interact with different skin proteins leading to an
increased curcumin absorption efficiency. Regardless of the pH used, the skin retention
efficiency of the curcumin released from the hydrogel films increases when the cross-linking
degree decreases. It can be observed that the curcumin release efficiency in the receptor
compartment at pH = 7.4 has a higher value compared to the curcumin release efficiency at
pH = 5.5 (Figure 13), but the retention of curcumin released from hydrogel films at pH = 7.4
in the skin membrane was lower than at pH = 5.5 (Table 1).

In the weakly alkaline medium, curcumin was found in the phenolate form and
became more soluble; therefore, its release efficiency in the Franz cell receptor compartment
was intensified. The curcumin released from films through the skin membrane in the
receptor compartment at pH = 7.4 depends on the carboxylate groups found in the polymer
matrix that lead to an increase of the swelling degree, which intensifies the active principle
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diffusion. At this pH, the free amino groups are not protonated, and the hydrogel film in
which curcumin was included does not interact with the skin proteins.

Curcumin-loaded films were used to study in vitro transdermal permeability through
the Franz diffusion cell.

The curcumin release kinetics were also evaluated by determining the permeability of
curcumin released through the skin membrane in time, expressed as μg curcumin/cm2.
Regarding the curcumin permeability through the skin, it was found that the results
obtained are comparable to those obtained at the curcumin release efficiency determination.
Thus, for the encapsulated curcumin, the total permeability (the curcumin permeability
from receptor compartment cumulated with the permeability of curcumin retained in
the skin membrane) was higher at pH = 5.5 compared to pH = 7.4 (Table 1) due to the
protonated amino groups that could interact with proteins found in the skin membrane and,
therefore, the retention of curcumin released from hydrogels into the skin was improved.

The permeability variation curve s in time through the skin membrane in the receptor
compartment is presented in Figure 13b,d for P1C, P3C, P5C samples, and the results
are consistent with those obtained when the release efficiency was determined. Thus, a
better permeability of curcumin released from hydrogels through the skin in the receptor
compartment of the Franz diffusion cell at pH = 7.4 compared to pH = 5.5 was observed,
this effect being determined by the slightly increased solubility of curcumin (which partially
passes into phenolate form) in the alkaline medium at pH = 7.4. The curves have a typical
appearance for polymer/drug systems from which the drug was released in a controlled
and sustained manner, with a “burst effect” in the first 300 min. After this period, the
curcumin release was slower, with a tendency to equilibrium until approximately 2000 min.
The curcumin release depends on the film’s cross-linking degree because the active principle
diffusion through the hydrogel becomes more and more slowly as the polymer network’s
cross-linking degree increases.

The exponential factor n value from the Ritger Peppas equation calculated based on
the curcumin release curves shows that the diffusion mechanism was practically Fickian
for most of the samples used to study the release kinetics. For the curcumin release from
the P1C sample, the exponential factor n value was 0.63; thus, the diffusion mechanism was
of the non-Fickian type and disturbed by certain factors that have not been studied. Also,
at pH = 7.4, the exponential factor n value for curcumin release from the P5C sample was
0.31, indicating a Fickian type diffusion mechanism, but probably disturbed by interactions
between curcumin and the constituents polymers functional groups from hydrogels. It can
be observed from the permeability and efficiency curves that the curcumin release from
the P5C sample did not reach an equilibrium after 48 h. There is a possibility that these
interactions between curcumin and the polymer matrix determine the active principle
diffusion disruption.

Agrawal et al. showed that the curcumin permeability in a based hydrogel based
on Carbopol 940F through mouse skin was 0.67 ± 0.01 μg/cm2/h and the free curcumin
permeability in aqueous solutions is 0.46 ± 0.02 μg/cm2/h [67]. Ternullo et al. also
obtained a curcumin permeability of 1.5 μg/cm2/h on human skin from a CS hydrogel
with immobilized curcumin [68].

In our case, the total curcumin permeability after its diffusion from the film into the
chicken skin at pH = 5.5 was between 2.27 μg/cm2/h and 3.3 μg/cm2/h, and at pH = 7.4,
it was between 1.33 μg/cm2/h and 2.21 μg/cm2/h. The CS bioadhesive properties could
determine this improved curcumin permeability from the films through the chicken skin,
and the CMCOx contributes to the increase of the film’s hydrophilic character due to the
free carboxylic groups that could interact at pH = 5.5 with skin proteins that contains
lysine residues.

2.2.7. Antioxidant Activity

The antioxidant activity expressed by IC50 was determined for P1C, P3C, P5C films,
for CS, CMCOx, for P5 films without curcumin immobilized, for free curcumin, and as well
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as for three mixtures obtained using the identical amounts of CMCOx and curcumin as in
P1C, P3C, and P5C samples. Ascorbic acid was used as a standard. The curcumin mixtures
with CMC were dissolved in 50 mL of ethanol/water solution, were coded with M1, M3,
and M5, and different curcumin concentrations solution expressed in μmoles/mL were
used to determine the inhibition percent of the free radicals from DPPH and based on these
results to evaluate the antioxidant activity expressed by IC50 for the mixtures mentioned
before. The antioxidant activity evaluation of the immobilized curcumin within hydrogel
films allows the study of the influence of the constituents polymers and the molar ratio
between polymers on this active principle feature. In principle, when the IC50 value is
lower, the antioxidant activity is higher. As mentioned in Section 3.4.10, the IC50 value was
determined based on the graphical representation between the inhibition percentage versus
concentration expressed in μmoles/mL. The results obtained are presented in Table 2 and
Figure S3 (Supplementary Information).

Table 2. Antioxidant activity expressed by IC50 for the analyzed samples.

Sample IC50, μmoles/mL

Ascorbic acid 0.031 ± 0.00053
Curcumin 0.051 ± 0.00033

P1C 0.054 ± 0.00039
P3C 0.046 ± 0.00039
P5C 0.039 ± 0.00012
M1 0.082 ± 0.0032
M3 0.081 ± 0.00041
M5 0.092 ± 0.00846

P5 + M5 0.035 ± 0.00012
CS 0.4 ± 0.0103

P5 (without curcumin) 10.02 ± 0.28

It was found that the IC50 values for free curcumin and curcumin included in the P1C
film are close, but the IC50 value decreases when the CMCOx amount in the films increases.
The curcumin-loaded hydrogel film’s antioxidant activity increases as the hydrogel film’s
cross-linking degree increases. In order to determine whether CS or CMCOx influences the
curcumin antioxidant activity, the IC50 value was determined for CMCOx, CS, P5 sample
without curcumin and for curcumin/CMCO mixtures coded with M1, M3, M5. The P5
hydrogel film influence on the antioxidant activity was evaluated and was used the same
film amounts to determine the inhibition percentage of DPPH free radicals as in the case of
curcumin-loaded P5C films inhibition percentage determination.

As previously mentioned, the curcumin encapsulation efficiency in films decreases
with the cross-linking degree increasing. Therefore, to obtain the same curcumin concentra-
tion in the ethanol solution used to determine the DPPH free radicals inhibition percentage
for P1C, P3C, and P5C hydrogel films, the film amount used for this determination, was
higher as the films cross-linking degree was improved. The obtained results showed
that CMCOx did not have antioxidant activity. CS had antioxidant activity, but the IC50
value was much higher than that of curcumin. It was also found that the IC50 value was
significantly higher for the P5 film compared to that obtained for CS. However, the CS
film’s concentration used to determine the inhibition percentage was higher than the free
CS concentration used. There is a possibility that the CS antioxidant activity decreases as
the free amino groups are fewer and fewer as they react with the aldehyde groups from
CMCOx. The amino group’s CI in Schiff bases in hydrogel films with a molar ratio of 1:1
was 76.5%, which means that only 23.5% of the total amino groups are free.

The IC50 values for curcumin from the M1 or M3 mixtures were close, but the IC50
value increased for sample M5 compared to the other two samples. The M1, M3, and
M5 samples’ antioxidant activities were higher than that of free curcumin. We notice
that the antioxidant activity decreased with the increase of the CMCOx amount in the
curcumin/CMCO mixture.
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The free curcumin could interact with the aldehyde groups from CMCOx, and new
compounds could be formed. The recorded UV spectra show two peaks that are not
characteristic of curcumin (425 nm) at wavelengths of λ = 292 nm and λ = 360 nm. In a
future study, we will try to elucidate this aspect. For the P5C film, the IC50 value was
0.039 μmoles/ml, and the antioxidant activity was higher than that of free curcumin.
However, the IC50 value increases, being 0.092 μmoles/mL for the M5 mixture, in which
the same curcumin and CMCOx amounts were used as in P5C hydrogel film. In order to
determine whether the IC50 value obtained of 0.039 μmol could be influenced by the CS
antioxidant activity, the inhibition percentages obtained from the analysis of each amount
of P5 film without curcumin were summed with the inhibition percentage obtained for
each curcumin concentration from the M5 mixture. Then, based on the curve obtained from
the graph I% vs. the concentration of curcumin (μmoles/mL), IC50 was determined. The
IC50 value obtained was 0.035 μmoles/mL, being very close to the IC50 value obtained
for curcumin-loaded in the P5C film, explaining the curcumin-loaded films’ antioxidant
activity increase. The obtained results show that CS influences the curcumin IC50 values
and determines curcumin-loaded films with improved antioxidant activity. The obtained
CS films were cross-linked with aldehyde groups from CMCOx and dried before curcumin
encapsulation, and the possibility of interactions between curcumin and CMCOx was very
low. Thus, the wavelength where curcumin included in the film had a maximum absorption
does not change compared to free curcumin’s characteristic wavelength (425 nm). Therefore,
the CS films influence the curcumin antioxidant activity, and the IC50 value decreases.

The obtained results allowed the optimization of the cross-linking reaction between
CS with CMCOx to obtain hydrogel films with biomedical applications. An optimal film
must be flexible, mechanically stable, and have a high capacity to include and controlled
release active principles. A high cross-linking degree causes incorporation of a small
amount of active principle and a slow diffusion of it from the polymer matrix in quantities
that may not reach the therapeutic concentration but with high mechanical stability. The
optimal parameters for obtaining the film must be identified to ensure good mechanical
stability and a high capacity for inclusion and controlled release of the active ingredient.
Considering the results presented above, the optimal parameters established for obtaining
the films used for dermal applications were: the cross-linking temperature of 55 ◦C, the
cross-linking time of 2.5 h, and the molar ratio -CH O/NH2 that range between 0.25:1 and
0.5:1 (0.375:1 is preferable).

3. Materials and Methods

3.1. Materials

Medium molecular weight chitosan (CS) with a degree of deacetylation of 75% (M =
190–310 kDa and viscosity of 200–800 cPs), carboxymethyl cellulose (CMC) with a degree of
substitution of 70%, powder curcumin (extracted from Curcuma Longa), DPPH (1,1-diphenyl-
2-picrylhydrazyl), Tween 80, ninhydrin, sodium meta periodate were purchase from Sigma
Aldrich, potassium iodide, sodium thiosulfate, ethyl alcohol, acetic acid, disodium phosphate,
monosodium phosphate, sodium chloride were purchase from Chemical Company.

3.2. Preparation of Oxidized Carboxymethylcellulose

The method was adapted from A. Kulikowska [69] with some modifications. Briefly,
3 g of CMC was dissolved in 100 mL of distilled water at 80 ◦C, and the solution thus
prepared was added into a 250 mL flask and allowed to cool at 30 ◦C. A stoichiometrically
calculated amount of 3 g of NaIO4 was dissolved in bi-distilled water (20 mL) at room
temperature and then added dropwise over the CMC solution at 30 ◦C. The reaction takes
place in the dark, under stirring (500 rpm) for 2, 4, and 6 h, respectively. The reaction
product was precipitated in ethanol (at 4 ◦C), and the precipitate was filtered, washed three
times with ethanol, and dried at room temperature.
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3.3. Obtaining Hydrogel Films Based on CS and CMCOx

Three grams of CS were dispersed in 200 mL of an acetic acid solution at pH = 2.4,
and the solution was maintained under stirring at room temperature for 24 h. The solution
at pH = 2.4 was prepared using 10 mM NaCl and glacial acetic acid to adjust the pH.
According to Caneret al. [70], acetic acid is the best solvent for obtaining CS-based hydrogel
films with optimal mechanical and barrier properties. Then by centrifugation, it was
obtained a clear CS solution. The undissolved CS resulting from the centrifugation was
dried at 100 ◦C, weighed, and the solution concentration was adjusted to 1.5%. Different
molar ratios between the amino groups from CS and the aldehyde groups from CMCOx
were used, maintaining the CS amount constant and varying the CMCOx amount. The
number of moles/g chitosan was determined by calculations knowing that the structural
unit’s molecular weight was 171.5 g/mol; this value was calculated knowing that the
chitosan deacetylation degree was 75%, and in each structural unit, there is only one amino
group. The number of moles of aldehyde/g was calculated using titration with Na2S2O3,
as described in Section 3.4.3 from Materials and Methods.

The molar ratios of -CHO/-NH2 used were: 0.25:1, 0.375:1, 0.5:1, 1:1, 1.5:1, 2:1 (mol/mol).
In the second step, 20 mL of the previously prepared 1.5% CS solution was heated to 55 ◦C,
and then, under stirring, the required amount of CMCOx dissolved in 10 mL solution
of pH = 2.4 was added dropwise. The solution thus prepared was stirred for 2.5 h. 0.3 g
glycerin (which ensures a weight ratio of 1 g glycerin for 100 g solution of polymers
mixture) was added to obtain a flexible, fragility-free hydrogel that can be applied to the
skin, ensuring good contact with it. The polymer solution was poured into 9 cm diameter
Petri dishes and dried at room temperature. After drying, the films are detached from the
Petri dishes and stored in the refrigerator at 4 ◦C until further characterizations. Table 3
shows the experimental program for obtaining hydrogel films.

Table 3. The experimental program used to obtain covalently cross-linked hydrogel films based on
CS and CMCOx.

Samples Code * The Molar Ratio (-CH=O/-NH2)
Moles of Aldehyde Groups

from CMCOx (×103)

P1 0.25:1 0.4375
P2 0.375:1 0.656
P3 0.5:1 0.875
P4 0.75:1 1.3125
P5 1:1 1.75
P6 1.5:1 2.625
P7 2:1 3.5

* The number of moles of -NH2 groups in the CS of 1.75 × 10−3 moles was kept constant. The CS solution volume
was 20 mL, and the CMCOx solution volume was 10 mL. 0.3 g of glycerin was added in each synthesis to avoid
the obtaining of fragile and brittle films. The films containing curcumin and containing the same molar ratios
were coded with P1C, P2C, P3C, P4C, P5C, P6C, and P7C.

3.4. Characterisation Methods
3.4.1. FTIR Spectroscopy

FTIR spectra were obtained for CMCOx, and films based on CS cross-linked with
CMCOx without curcumin were recorded using the KBr pellet method. The spectra
were recorded on a Bruker Vertex FTIR spectrophotometer (Billerica, MA, USA) over a
frequency range of 4.000–400 cm−1 at 4 cm−1 resolution-32 scans (discussions were made
in Section 2.1.1 for CMC or CMCOx, and in Section 2.2.1 for films based on CS cross-linked
with CMCOx).

3.4.2. 1H NMR and 13C NMR Spectra of CMC and CMCOx

Nuclear magnetic resonance spectroscopy (Bruker NEO 1-400, Billerica, MA, USA)
was employed to investigate the product’s molecular structure before and after oxidation.
The samples were prepared by dissolving CMC in deuterated water at 80 ◦C, and the
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CMCOx was dissolved in deuterated water or DMSO, after which they were analyzed by
1H NMR and 13C NMR technique.

3.4.3. Oxidation Reaction Kinetics and Quantitative Determination of Aldehyde Groups
Obtained in CMCOx

• Aldehyde groups determination

The working protocol was adapted with some modifications after Teotia [31] and
McSweeny et al. [71]. The aldehyde group content in CMCOx was determined indirectly by
dosing the residual sodium periodate in a reaction mixture by iodometric titration. Briefly,
1 mL of CMCOx solution was added over 1 mL of 20% KI solution mixed with 1 mL of
37% HCL. I2 was titrated with 0.05 N Na2S2O3 until the solution color turns light yellow.
Afterward, to visualize I2, 1 mL of starch solution with a concentration of 1% was added,
and the solution’s color was turned blue. It was titrated until the color becomes transparent,
and I2 no longer existed in the reaction. Lange previously described the iodometric titration
reactions in 1961 [72].

Based on the reactions involved, the amount of sodium periodate that did not react
in the oxidation reaction was determined. The NaIO4 amount that reacts was calculated
as the difference from the initial amount of NaIO4 added in the oxidation reaction. The
number of moles of aldehyde groups could be calculated, considering that 1 mole of NaIO4
reacted was required to obtain 2 moles of aldehyde groups in CMCOx.

• Oxidation kinetics studies

Three grams of CMC was dissolved at 80 ◦C in 100 mL of bi-distilled water. After the
solution temperature decreases at 30 ◦C, 2 g of NaIO4 dissolved in 20 mL of water was
added dropwise over the polymer solution, under stirring. The reaction occurs in a glass
flask, on a water bath, in the dark at 30 ◦C, under stirring to prevent air and light influence
on the oxidation reaction. After every hour for up to 6 h, 1 mL of sample was taken from
the reaction medium and titrated with Na2S2O3. The degree of oxidation was calculated
with Equation (1).

OD% =
QR
QT

× 100 (1)

where QR is the NaIO4 amount that reacted, and QT is the total amount of NaIO4 introduced
into the reaction.

3.4.4. Molecular WEIGHT determination of CMC and CMCOx by the Viscometric Method

The CMC and CMCOx intrinsic viscosities were determined by working at different
polymer concentrations (0.1%, 0.2%, 0.3%; 0.35%, 0.4% and 0.5% w/v) in NaCl solution in a
weight ratio polymer: NaCl = 1:1 (for example for a polymer solution preparation with 0.2%
concentration, 0.2 g polymer were dissolved in 100 mL solution of 0.2% NaCl concentration),
using an Ubellohde viscometer (K = 0.00999) at 25 ◦C. The average viscosimetric molecular
weight (Mη) was calculated using the Kuhn–Mark–Houwink Equation (2):

[η] = K × Mη
a (2)

where K = 1.23 × 10−3 and a = 0.91 (for both initial CMC and CMCOx) [54], [η] repre-
sent the intrinsic viscosity, and Mη is the average molecular weight determined by the
viscosimetric method.

[η]—was deduced from the equation of the graphical representation ηred as a function
of the solution concentration.

3.4.5. Scanning Electron Microscopy

Hydrogel films were characterized by scanning electron microscopy (SEM) to de-
termine their surface morphology. They were dried, metalized with gold using a spray
deposition device, and analyzed using a HITACHI SU 1510 electron microscope. (Hitachi
SU-1510, Hitachi Company, Chiyoda City, Tokyo, Japan).
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3.4.6. The Amino Groups’ CI% Determination into Shiff Bases in Hydrogel Films

The CS used (average molecular weight) has a degree of deacetylation of 75%, and
the molecular weight of the structural unit is 171.5 g/mol. A CS stock solution of 0.1%
(g/v) concentration was initially prepared to plot the calibration curve using the ninhydrin
test by dissolving the CS amount in acetic acid 0.1%. Different volumes were taken to
prepare six different CS concentrations between 0.1 and 0.4 mg/mL and were brought
to sign using acetate buffer solution pH = 5.6, 0.1 M in volumetric flasks of 10 mL. The
ninhydrin test protocol used to plot the calibration curve was as follows: in the test tubes
to 1 mL of CS solution of different concentrations prepared before was added 2 mL of 2%
ninhydrin solution in ethanol. Then the reaction mixture was heated at 95 ◦C for 30 min,
and the color of the solutions became dark blue. After the solutions were cooled, 8 mL of
ethanol/distilled water solution (1:1 volume ratio) was added. The spectrophotometer’s
calibration was done with a blank prepared, as we mentioned before but without chitosan.
Instead of chitosan, 1 mL of acetate buffer of pH = 5.6 was used. The solutions’ absorbances
were recorded with a UV spectrophotometer at a wavelength of 570 nm. The concentrations
expressed first in mg/mL were converted to molar concentrations (number of moles of
amino groups’/mL). The CS calibration curve was plotted using the ninhydrin assay, and
it is presented in Figure S4 (absorbance as a function of the number of moles of amino
groups from the CS). The CS calibration curve has the equation y = 0.056x.

It was considered necessary to determine the number of free amino groups from
the obtained films using the ninhydrine test. The working method was similar to the
one presented above used to plot the chitosan calibration curve. The small film amounts
previously weighted were added in the test tubes, and 1 mL of buffer acetate 0.1 M, pH = 5.6
with 2 mL of 2% ninhydrine solution was added, then heated at 95 ◦C for 30 min. After
the solution was cooled, 8 mL of ethanol/distilled water solution (1:1 volume ratio) was
added, and the absorbance was measured at 570 nm. Based on the chitosan calibration
curve previously plotted, the free amino groups within hydrogel films were determined.
The total number of amino groups involved in the formation of Schiff bases, but also in
strong physical interactions with the carboxylic groups in CMCOx, can be calculated by
the difference between the total number of moles of free amino groups initially added
in the reaction (calculated based on the initial chitosan amount). The free amino groups
within the hydrogel were determined using the ninhydrin test. The conversion index was
calculated with the relation (3) and expressed:

CI% =
Nb − Na

Nb
× 100 (3)

where Nb—number of moles of free amino groups before cross-linking; Na—number of
moles of free amino groups after cross-linking. Nb−Na—represent the bonded amino
groups within hydrogel film.

The influence of the cross-linking temperature, cross-linking time, and the molar ratio
on CI value was studied. The CI of the amino group determination was performed in
triplicate. The standard deviation was within ±3%.

3.4.7. Hydrogel Films Ability to Absorb Aqueous Solutions

The obtained films have hydrogel character, so it was considered useful to determine
their ability to retain water—usually quantified by the degree of swelling (Qt,%). This
feature is significant because it causes the more or less intense diffusion of the active
ingredient from the hydrogel matrix.

For the obtained films, Qt was determined gravimetrically. The buffer solutions
simulating physiological fluids used were phosphate buffer at pH = 7.4 and an acetate
buffer simulating skin pH at pH = 5.5.

The films were dried to constant weight, and a quantity of precisely weighed film
(Mdry) was immersed in a 5 mL solution of different pH values at 37 ◦C. At various
intervals, the sample was removed from the liquid medium, and its surface was buffered
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with filter paper to remove the excess water. The mass of the swelling films (Mswelling films)
was determined by weighing. The solution absorbed by the films (Msolution) represents the
difference between the swollen film’s weight (Mswelling films) and the weight of the dry film
(Mdry). After weighing, the samples were reintroduced into the solution, the operation
being repeated after well-established time intervals until equilibrium was reached. The
swelling degree was expressed as the ratio between the amount of solution retained in the
films at each time interval measured and the amount of completely dry film (relation (4)).
The influence of the cross-linking temperature, cross-linking time, and the molar report on
swelling degree value was studied. The swelling degree was performed in triplicate. The
standard deviation was within ±5%.

Q% =
Msolution

Mdry
× 100 (4)

3.4.8. Encapsulation Efficiency

The whole film was used for curcumin encapsulation by diffusion and alcohol evap-
oration method. The procedure was as follows: a quantity of 20 mg of curcumin was
dissolved in 15 mL of ethanol, and the obtained films (see the Methods section) were im-
mersed in the curcumin solution and maintained for 24 h at 45 ◦C for ethanol evaporation.
After 24 h, the dry films were placed for 30 s in 25 mL of phosphate buffer solution at
pH = 7.4 to remove the curcumin found on the film’s surface that was not immobilized.
In order to determine the curcumin quantity that was not immobilized, 20 mL of ethanol
was added to the containers in which curcumin encapsulation took place. The curcumin
amount was determined spectrophotometrically at λ = 425 nm based on the curcumin cali-
bration curves in ethanol or phosphate buffer solution previously plotted. The difference
between the initial curcumin amount used for encapsulation and the curcumin amount
determined spectrophotometrically, it was determined the encapsulated curcumin amount
in the hydrogel films. The encapsulation efficiency was determined with the relation (5):

Ef% = (curcumin amount encapsulated)/(initial curcumin amount) × 100 (5)

-initial curcumin amount = 20 mg

3.4.9. In Vitro Release Kinetics of Curcumin from Hydrogel Films

The in vitro release kinetics of curcumin from the obtained hydrogel films were studied
in two different pH media: 0.1 M acetate buffer solution at pH = 5.5 (similar with skin pH)
and 0.1 M phosphate buffer solution at pH = 7.4 (similar with blood pH), at 37 ◦C, until
equilibrium.

In order to simulate the dermal application, curcumin release was studied using a
Franz cell (2 cm diameter, 15 mL receptor volume), the cell compartments being separated
by a chicken skin membrane. The skin was degreased with 96% ethyl alcohol using sterile
dressings, and only skin without defects and open-pore was used for the experiment.
After preparation, the skin was stored in 10% glycerin solution for 24 h before use. The
membrane thus prepared was fixed between the donor and the receiving compartment.
The films with immobilized curcumin (size 2.5 × 2.5) were placed in the Frantz cell’s
donor compartment on the skin membrane’s surface. Acetate buffer solution at pH = 5.5 or
phosphate buffer solution at pH = 7.4 with 1% Tween 80 were used as a release medium.
1 mL solution of pH = 5.5 or pH = 7.4 was placed in the donor container. The curcumin
release kinetics took place in the dark (the Franz cell was covered with aluminum folium),
the temperature in the receiving compartment was maintained at 37 ◦C and the stirring
at 150 rpm. 0.5 mL of the receptor compartment medium were taken after different time
intervals for quantitative measurement of released curcumin and replaced with a fresh
medium. The release profiles were obtained by measuring the curcumin concentration
using a nanodrop UV-vis spectrophotometer at 425 nm. The permeability of curcumin (P)
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from films was also calculated through the skin membrane expressed as μg curcumin/cm2

with the relation (6), and the release efficiency (%) was calculated with relation (7):

P =
Mr + Ms

S
, μg/cm2 (6)

REf% =
Mr + Ms

Mi
× 100 (7)

where Mr represents the curcumin amount released in the receptor; Ms represents the cur-
cumin amount found in the skin membrane; S represents the surface of the film (12.56 cm2);
Mi represents the total curcumin amount immobilized in the film disc used for release.

The curcumin calibration curves shown in Figure S5 (Supplementary Information)
have the following equations: y = 0.0167x (calibration curve in ethanol); y = 0.0079x
(calibration curve in phosphate buffer at pH = 7.4), respectively, y = 0.0104x (calibration
curve in acetate buffer pH = 5.5). All the determinations were performed in triplicate. The
standard deviation was within ±5%.

3.4.10. Antioxidant Activity

With some modifications, the work method was described before by Choi et al. [73].
The curcumin stock solution was prepared by dissolving 5 mg of curcumin in 50 mL
of ethanol. Several dilutions were made to test the antioxidant activity, and the final
concentrations of curcumin solutions were between 10 and 50 μg/mL. 2 mL of each
solution concentration was added in the test tubes, over which 2 mL of 0.1 mM DPPH
solution (in ethanol) was added. The samples prepared were vortexed for 20–30 s and
maintained in the dark at a temperature of 37 ◦C for 1 h. The samples’ absorbance was
measured after 60 min using a UV spectrophotometer at a wavelength of 517 nm. Ascorbic
acid was used as a standard. The absorbance values were converted into antioxidant
activity percentage (free radicals inhibition percentage in DPPH-I%) using the following
relation (8):

I% = 100 −
[
(As − Ab)× 100

Ac

]
(8)

IC50 (expressed as μmoles/ml) was calculated from the graphical representation I% vs.
concentration and represented the sample’s concentration that can capture 50% of the free
radicals in DPPH. Ethanol was used to calibrate the spectrophotometer—the As represents
the absorbance value of different concentrations of solutions. As a blank (Ab), it was used
a solution prepared from 2 mL of ethanol and 2 mL of curcumin solutions of different
concentrations was used (the blank’s absorbance was measured for each concentration).
The control solution was prepared using 2 mL of DPPH solution and 2 mL of ethanol. P1C,
P3C, and P5C films were selected to determine the immobilized curcumin antioxidant
activity. Different film amounts containing between 10 and 50 μg of curcumin were used,
and the percentage of free radical inhibition percentage (I%) was determined as described
above. It was also determined the antioxidant activity for CS solution, hydrogel films
without curcumin, and curcumin mixed with CMCOx dissolved in an ethanol/water
mixture. It was prepared mixtures of curcumin with CMCO by adding identical amounts
of curcumin and CMCO as in the films P1C, P3C, P5C, and the samples were marked with
M1, M3, and M5. The antioxidant activity of M1, M3, M5 samples was also determined. All
the determinations were performed in triplicate. The standard deviation was within ±5%.

4. Conclusions

CMC was oxidized with sodium meta-periodate, and the aldehyde group formation
was demonstrated by FTIR and NMR spectroscopy. The polysaccharide oxidation degree
increases in time, its maximum value being 22.9%. CMC was degraded during the oxidation
reaction; its molecular mass decrease when the oxidation time increases oxidation, up to
1186 g/mol after 6 h of oxidation. Hydrogel films were obtained using different molar
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ratios between the amino groups from CS and the aldehyde groups from CMCOx. FTIR
spectroscopy demonstrated the Schiff bases’ formation, and analysis of the films’ surfaces
by SEM showed that the hydrogels’ porosity/rugosity decreases with the increasing of the
CMCOx amount in their composition. The amino groups’ CI into Schiff bases depended
on several influencing factors such as the CMCOx concentration in the film composition,
the intermolecular interactions between the constituent polysaccharides, the cross-linking
time, and the cross-linking temperature. It was found that some of the amino groups from
CS are involved in strong intermolecular interactions with carboxylic groups of CMCOx,
their reaction with ninhydrin was restricted, and the values of the amino groups’ CI were
distorted. The swelling degree determined in two different pH environments (pH = 5.5 and
pH = 7.4) increases when the CMCOx amount decreases in the film and when the amino
groups’ CI value decreases. The cross-linking temperature and the cross-linking time for the
films prepared significantly influence the swelling degree, obtaining a maximum value at
the temperature of 60 ◦C and a short cross-linking time (one hour). The CI values decrease
with the temperature and cross-linking time increasing. Higher values of the swelling
degree at pH = 7.4 compared to those at pH = 5.5 were obtained due to the presence in the
film of free carboxylic groups from CMCOx, which causes strong electrostatic repulsions
and the absorption of a higher amount of aqueous solutions.

The thermal stability of the films depends on the cross-linking degree. Thermogravi-
metric analysis showed that the maximum weight loss is lower for the samples with a
higher crosslinking degree (P3). Curcumin was included in the hydrogel films by dif-
fusion method and evaporation of alcohol, and it was observed that the encapsulation
efficiency decreases with increasing the cross-linking degree. The kinetics of curcumin
release from the film and permeability were studied in buffer solutions of pH = 5.5 and
pH = 7.4 through a chicken skin membrane, using a Franz diffusion cell. The results
showed that the curcumin release from films intensified at pH = 7.4. Still, at pH = 5.5, there
is a higher absorption of curcumin amount in the skin membrane, making the total release
efficiency higher at pH = 5.5. Curcumin-loaded in the hydrogel films retains its antioxidant
activity, and CS contributes to its increase. Obtaining CS-based hydrogel films cross-linked
with aldehyde groups from CMCOx can be optimized for various applications such as
biomedical ones.

Supplementary Materials: The following are available online, Figure S1: Schematic representation
of CMC’s oxidation reaction under the sodium periodate action, Figure S2: The structure of the
hydrogel films based on chitosan and oxidized carboxymethyl cellulose—schematic presentation,
Figure S3: Antioxidant activity determination expressed by IC50 values for the analyzed samples
using the DPPH assay, Figure S4: The CS calibration curve determined with ninhydrine test, Figure S5:
Calibration curves of curcumin in ethanol (a), phosphate buffer at pH = 7.4 (b), and acetate buffer at
pH = 5.5 (c), Table S1: Table SI. The CI values (%) for samples obtained by chemical cross-linking and
physical interaction between CS and CMCOx, respectively, by the CS amino groups’ interaction with
CMC’s carboxylic groups.
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Abstract: The aim of the study was to create a mathematical model useful for monitoring the release
of bioactive aldehydes covalently bonded to the chitosan by reversible imine linkage, considered as
a polymer–drug system. For this purpose, two hydrogels were prepared by the acid condensation
reaction of chitosan with the antifungal 2-formyl-phenyl-boronic acid and their particularities; influ-
encing the release of the antifungal aldehyde by shifting the imination equilibrium to the reagents
was considered, i.e., the supramolecular nature of the hydrogels was highlighted by polarized light
microscopy, while scanning electron microscopy showed their microporous morphology. Further-
more, the in vitro fungicidal activity was investigated on two fungal strains and the in vitro release
curves of the antifungal aldehyde triggered by the pH stimulus were drawn. The theoretical model
was developed starting from the hypothesis that the imine-chitosan system, both structurally and
functionally, can be assimilated, from a mathematical point of view, with a multifractal object, and its
dynamics were analyzed in the framework of the Scale Relativity Theory. Thus, through Riccati-type
gauges, two synchronous dynamics, one in the scale space, associated with the fungicidal activity,
and the other in the usual space, associated with the antifungal aldehyde release, become operational.
Their synchronicity, reducible to the isomorphism of two SL(2R)-type groups, implies, by means of
its joint invariant functions, bioactive aldehyde compound release dynamics in the form of “kink–
antikink pairs” dynamics of a multifractal type. Finally, the theoretical model was validated through
the experimental data.

Keywords: mathematical model; chitosan; bioactive aldehyde release; Scale Relativity Theory;
multifractal; Riccati gauge; joint invariant function; SL(2R)-type group

1. Introduction

Chitosan is a polysaccharide extensively investigated over the last decades due to its
outstanding biologic properties, which make it an excellent candidate for the development
of a large variety of biomaterials [1]. However, the intrinsic properties of chitosan are
not sufficiently explored, in order to assure curing ability, and they should be improved
by further chemical modifications [2,3]. Among various modification routes, the acid
condensation reaction of chitosan with various aldehydes demonstrated efficiency towards
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a large realm of materials such as films, hydrogels and nanoparticles, in view of application
in domains of contemporary interest, such as tissue engineering [4], drug delivery [5],
soil conditioners [6], cosmetics [7], adsorption of carbon dioxide [8] or other hazardous
pollutants [9], heavy metal sensing [10] and so on. However, recent studies demonstrated
that the imination reaction of chitosan has a reversibility degree favored by the acidic
medium in which chitosan is soluble [3]. This finding is in line with well-documented
investigations that demonstrated that the imine linkage has a reversible character that
proved beneficial for the construction of dynamic materials with an ability to adapt under
the influence of various environment stimuli, such as moisture, temperature, pressure or
pH [11–13]. These recent discoveries opened new perspectives for the use of chitosan as
a matrix for the controlled release of the reversible bonded aldehydes [3,14]. Under the
influence of environmental stimuli, the imination equilibrium is shifted to the reagents
releasing the aldehyde, and the aldehyde consumption further triggers the equilibrium
shifting towards the reagents and consequently towards the delivery of new aldehyde
amounts. This simple mechanism becomes of particular importance when the released
aldehyde has bioactive properties and its delivery is controlled by its consumption.

Usually, the models used to describe drug delivery dynamics are based on a combina-
tion of basic theories, derived especially from physics and computer simulations [15–18].
In such a conjecture, their description implies both computational simulations based
on specific algorithms [18], as well as developments on standard theories. A class of
models was developed on spaces with integer dimension—i.e., differentiable models,
such as the Zero order model, First order model, Higuchi model, Hixson–Crowell model,
Korsmeyer–Peppas model, etc. [19]. Another class of models was developed on spaces with
non-integer dimensions and is explicitly written through fractional derivatives [20,21]—i.e.,
non-differentiable models, with examples including the fractal models [22]. Expanding
on the last class of models, new developments have been made, based on Scale Relativity
Theory, either in the monofractal dynamics, as in the case of Nottale [23], or in the multi-
fractal dynamics, as in the case of the Multifractal Theory of Motion [24,25]. Our group has
recently published in this framework, proving a good match for describing various drug
delivery systems [26,27].

Both in the context of Scale Relativity Theory in the sense of Nottale [23], as well as in
the one of Multifractal Theory of Motion [24,25], supposing that any polymer–drug system
is assimilated both structurally and functionally to a multifractal object, the said dynamics
can be described through motions of the polymer–drug structural units, dependent on the
chosen scale resolution, on continuous and non-differentiable curves (multifractal curves).
Such an assumption may be illustrated by considering the following scenario: between two
successive interactions of the polymer–drug structural units, the trajectory of the polymer–
drug structural unit is a straight line that becomes non-differentiable in the impact point.
Considering that all interaction points form an uncountable set of points, it results that the
trajectories of the polymer–drug structural units become continuous and non-differentiable
(i.e., fractal curves). Clearly, the reality is much more complicated, taking into account
both the diversity of the structural units which compose the polymer–drug system and the
various interactions between them in the form of double interactions etc. Extrapolating the
previous reasoning for any polymer–drug system, including our imine-chiotsan system,
it results that it can be assimilated to a multifractal. The multifractal model is used here
to characterize the dynamic of the atoms and molecule projecting their trajectories in the
multifractal plane. Details on the fundamental links between the molecular or atomistic
characteristics with the Multifractal Scale Relativity Theory can be found in [23–25].

All these considerations imply that in the description of the imine-chitosan dynam-
ics, instead of “working” with a single variable (regardless of its nature, i.e., velocity,
density, etc.) described by a strict non-differentiable function, it is possible to “work”
only with approximations of this mathematical function, obtained by averaging them
on different-scale resolutions. As a consequence, any variable purposed to describe the
imino-chitosan dynamics will perform as the limit of a family of mathematical functions,

106



Molecules 2021, 26, 2089

this being non-differentiable for null scale resolutions and differentiable otherwise [23]
(from a mathematical point of view, these variables can be explained through multifractal
functions, i.e., functions dependent not only on spatial and temporal coordinates, but also
on the scale resolution).

Since for a large temporal scale resolution with respect to the inverse of the highest
Lyapunov exponent [28,29], the deterministic trajectories of any structural unit belonging to
the polymer–drug system can be replaced by a collection of potential (“virtual”) trajectories,
the concept of definite trajectory can be substituted by the one of probability density.

With all of the above considerations taken into account, the multifractality expressed
through stochasticity, in the description of the dynamics of any polymer–drug system,
becomes operational in the multifractal paradigm through the Multifractal Theory of
Motion.

In this context, the authors’ study was directed to the modeling of the release of an
antifungal aldehyde covalently bonded to chitosan by imine units. The in vitro release
of aldehyde was investigated in an acidic medium of pH 4.2, characteristic to the vagina,
which is highly susceptible to fungal infections. A mathematical model was created
considering the imine-chitosan system as a multifractal object, and analyzing its dynamics
in the framework of Scale Relativity Theory, using various operational procedures (Riccati-
type gauges, isomorphisms of groups, joint invariant functions on groups, etc.). Finally,
the theoretical model was validated by means of the experimental data.

2. Experiment

2.1. Materials

2-Formyl-phenyl-boronic acid, low molecular weight chitosan, and phosphate buffer
solution were purchased from Aldrich (Sigma-Aldrich, Munchen, Germany) and used
as received. The reagents used in antifungal measurements were purchased from Sigma-
Aldrich (Sigma-Aldrich, Munchen, Germany) and used as received.

2.2. Synthesis of Imino-Chitosan Derivatives

Two chitosan derivatives with different aldehyde content were synthetized by reacting
chitosan with 2-formyl-phenyl-boronic acid in a homogeneous medium, at 55 ◦C during
3 h, as described in reference [14]. Briefly, a 1% 2-formyl-phenyl-boronic acid in ethanol was
slowly dropped into a 2% solution of chitosan in 0.7% acetic acid solution, under vigorous
stirring at 55 ◦C for 3 h, when transparent yellowish hydrogels were obtained. Varying
the ratio between the two reagents, two hydrogels containing 0.071% (coded C0.071) and
0.142% (coded C0.142) 2-formyl-phenyl-boronic were prepared.

2.3. Methods

The morphology of the hydrogels was investigated with a field emission Scanning
Electron Microscope SEM EDAX Quanta 200 (FEI Company, U.S., Hillsboro, Oregon) at an
accelerated electron energy of 20 KeV on small pieces of lyophilized hydrogel.

The supramolecular architecture of the hydrogels was assessed by polarized light
microscopy on small hydrogel pieces placed between two lamellae, with an Olympus BH-2
polarized light microscope (Olympus BH-2 (Olympus company) Japan, Tokyo).

The swelling behavior of the two hydrogels was investigated by measuring the mass
equilibrium swelling in an acidic medium of pH 4.2 [14].

The in vitro release of the antifungal aldehyde by shifting the imination equilibrium of
the reagents was observed in an acidic medium of pH 4.2 similar to the vagina environment,
by monitoring the absorbance of the aldehyde by UV-Vis and fitting it on a previously
drawn calibration curve. Briefly, pieces of hydrogels were immersed in a buffer solution
of pH 4.2. From time to time, 1 mL of supernatant was withdrawn and replaced with
fresh buffer. The extracted supernatant was analyzed by UV-Vis spectroscopy and its
concentration was found by fitting the absorbance on the calibration curve. Based on the
obtained data, the release profile was drawn.
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3. Empirical Data

Two imino-chitosan derivatives were synthetized as hydrogels by reaction of chitosan
with 2-formyl-phenyl-boronic acid through imination reaction. The hydrogelation occurred
by two concurrent processes: (i) formation of imine units, and (ii) their supramolecular
self-ordering into ordered layers [14]. This hydrogelation pathway was supported by
the polarized light microscopy measurements, which displayed fine banded textures
characteristic to the layered architectures, in line with the formation of ordered clusters of
imino-chitosan, similar to smectic mesophases (Figure 1a,b) [30,31]. The hydrogel nature of
the imino-chitosan derivatives was further demonstrated by scanning electron microscopy
images, which showed a microporous morphology with pores of diameter in the 10–30 μm
range, suitable for reaching sink conditions, during the release of antifungal aldehyde
(Figure 1c,d).

Figure 1. Representative (a,b) POM and (c,d) SEM images of the imino-chitosan hydrogels.

The hydrogels swelled in an acidic buffer of pH 4.2, reaching a mass equilibrium
swelling of approximately 27, in line with a moisture medium inside the hydrogels that
is favorable for the antifungal aldehyde release [32]. The in vitro investigation of the
antifungal activity showed an excellent effect against Candida albicans and Candida glabrata
strains [14], two virulent fungi accounting for systemic vulvovaginitis infections affecting
women’s health [33]. While the chitosan reference sample only reduced the fungi growth,
the two hydrogels showed a progressive killing of the strains, causing their almost complete
extinction in the case of the C0.142 sample (Figure 2a). The decrease of the fungi population
along with the increase of the amount of antifungal aldehyde in the samples indicated the
aldehyde as a promoter of the antifungal activity. To confirm this, the in vitro release of
aldehyde from the hydrogel samples has been monitored in a synthetic vagina-simulative
medium, using the UV-Vis method. The release curves (Figure 2b) displayed a burst release
in the first four hours, followed by a prolonged release. This profile shows that the hydrogel
samples can assure the initial bolus dose of antifungal agent and further a constant dose
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necessary to kill the strains [34]. Comparing the in vitro antifungal effect with the in vitro
release rate of the aldehyde, a close correlation can be clearly seen, meaning that the higher
release rate of aldehyde from the C0.142 sample impacted a higher killing rate of the fungi.
This means that the key role for the antifungal activity was played by the slow release of
the antifungal aldehyde, mainly triggered by its reversible bonding on the chitosan under
the pH stimulus. For a deeper understanding of this phenomenon, a mathematical model
has been developed.

Figure 2. (a) Graphic representation of the in vitro fungicidal activity against planktonic yeast of Candida albicans; (b) The
percent of antifungal aldehyde in vitro released during 24 h.

4. Theoretical Considerations

Taking into account the theoretical aspects presented in Section 1 by pursuing the
transition approach from the scale space to the usual one, the imino-chitosan system release
dynamics will imply the following:

(i) Aldehyde compound release dynamics in the scale space, dynamics which will be
assimilated with the fungicidal activity;

(ii) Aldehyde compound release dynamics in the usual space, dynamics which will be
assimilated with the antifungal aldehyde release;

(iii) Aldehyde compound release dynamics, associated with the transition from the scale
space to the usual space, as a global release mechanism.

4.1. Aldehyde Compound Delivery Dynamics in Scale Space

Let a multifractal function F(x) be considered with x ∈ [a, b], which can be associated
with any multifractal variable that describes drug delivery dynamics. Now, the sequence
of the values of the variable x is considered:

xa = x0, x1 = x0 + ε, . . . , xk = x0 + kε, . . . , xn = x0 + nε = xb (1)

F(x, ε) shall denote the fractured (broken) line connecting the points:

F(x0), . . . , F(xk), . . . , F(xn) (2)

The broken line will be considered as an approximation that is different from the
one used before. Let it be noted that F(x, ε) is an ε-approximation scale. Now, the ε-
approximation scale F(x, ε) of the same function is considered. Since F(x) is self-similar
almost everywhere, if ε and ε are small enough, then the two approximations F(x, ε)
and F(x, ε) must lead to the same results when a multifractal drug release dynamics by
approximations is studied. If the two cases are compared, then to an infinitesimal increase
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or decrease dε of ε, an increase or decrease dε for ε corresponds, if the scale is dilated or
contracted. In this case:

dε

ε
=

dε

ε
(3a)

that is,
dε

ε
= dμ (3b)

is the ratio of the scale ε + dε and dε must be preserved. Then, it is possible to consider the
infinitesimal transformation of the scale as:

ε′ = ε + dε = ε + εdμ (4)

By such a transformation, in the case of the function F(x, ε), the following results:

F
(

x, ε′
)
= F(x, ε + εdμ) (5)

Respectively, if a stop is made after the first approximation:

F
(
x, ε′

)
= F(x, ε) +

∂F
∂ε

(
ε′ − ε

)
(6)

that is:
F
(

x, ε′
)
= F(x, ε) +

∂F
∂ε

εdμ (7)

Let it be considered that for an arbitrary but fixed ε0:

∂ ln
(

ε
ε0

)
∂ε

=
∂(ln ε − ln ε0)

∂ε
=

1
ε

(8)

Thus, Equation (7) becomes:

F
(
x, ε′

)
= F(x, ε) +

∂F(x, ε)

∂ ln
(

ε
ε0

)dμ (9)

Finally:

F
(

x, ε′
)
=

⎛
⎝1 +

∂

∂ ln
(

ε
ε0

)dμ

⎞
⎠F(x, ε) (10)

The operator:

D̂ =
∂

∂ ln
(

ε
ε0

) (11)

is a dilation or contraction operator.
This is the well-known form of the infinitesimal dilation operator, obtained above

through the Gell–Mann–Levy method, which allows the finding of the currents correspond-
ing for a given symmetry [35].

This clearly shows that the natural variable for the resolution is ln
(

ε
ε0

)
and that the

expected new differential equations involve quantities like ∂F(x,ε)

∂ ln
(

ε
ε0

) .

In the previous context,
∂F(x, ε)

∂ ln
(

ε
ε0

) = 0 (12)
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corresponds to the scale symmetry invariance, while the relation

∂F(x, ε)

∂ ln
(

ε
ε0

) �= 0 (13)

corresponds to the scale symmetry breaking. Since various problems related to complex
system dynamics can be reduced to a Riccati-type gauge [15–17,28,29], in (13) such a gauge
will be used, in the form of a Riccati-type equation:

dw
ds

− w2

M
+

2R
M

w − K = 0 (14)

where:

F(x, ε) ≡ w(s), s ≡ ln
(

ε

ε0

)
(15)

and M, R, and K are constants of multifractal type introduced through external constrictions.
Since the roots of the polynomial

P(w) =
w2

M
+

2R
M

w − K (16)

can be written in the form

w0 = R + iMΩ, w0 = R − iMΩ, Ω2 =
K
M

−
(

R
M

)2
(17)

the change of variable:

z =
w − w0

w − w0
(18)

transforms (14) into:
.
z = 2iΩz (19)

of the solution:
z(τ) = z(0)e2iΩs (20)

As such, if the initial condition z(0) is conveniently expressed, and then it is possible
to construct the general solution of (14), by writing the transformation (18) in the form:

w0 =
w0 + re2iΩsw0

1 + re2iΩs (21)

where r is an integration constant of multifractal type. Using (17) it is possible to write this
solution in real terms in the form:

z = R + MΩ
{

2r sin[2Ωs]
1 + r2 + 2r cos[2Ωs]

+ i
1 − r2

1 + r2 + 2r cos[2Ωs]

}
(22)

which can highlight various modes of scale symmetry breaking. These various modes are
presented in Figure 3a–l. In the present context, it results that the natural transition in the
aldehyde compound release dynamics is to evolve from a normal period doubling state
towards damped oscillating and strong modulated dynamics. The imino-chitosan system
never reaches a chaotic state, but it permanently evolves towards that state. There is a
periodicity to the whole series of transitions and the imino-chitosan system evolves through
period doubling, damped oscillations even reaching in some cases an intermittence state,
but it never reaches a pure chaotic state. The evolution of the imino-chitosan system sees
a “jump” into a period doubling oscillation state and the transition resumes towards a
quasi-chaotic state. These dynamics are characteristic for short times and small distances,
and are not usually seen for long time measurements. Such dynamics are true for a specific

111



Molecules 2021, 26, 2089

part of the release scenario being seen usually at the release interface and are strongly
related with the polymeric structure and the multifractality of the matrix. The impossibility
of reaching a chaotic state means that for a wide range of imino-chitosn systems, the release
can be controlled to a high degree and there is no possibility for chaotic release and possible
damage.

Figure 3. Transition scenarios in the aldehyde compound release dynamics and mimed as various modes of scale symmetry
breaking (3D, contour plot and time series representation for s ≡ t: period doubling (a–c), damped oscillation region (d–f),
signal modulation (g–i) and chaotic behavior (j–l)).

To better highlight this important stability property of the imino-chiotosan system, a
study on the bifurcation map was attempted. It is observed that the imino-chitosan system
starts from a steady state (double period state) and evolves towards pseudo-chaotic states
(Ωmax = 2, 2.5, 3 . . .) but it never reaches that state. Here, the pseudo-chaos is defined by
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a high density of oscillations frequencies on which the imino-chitosan system oscillates
simultaneously. This could be a measure of aldehyde release processes stability at a small
space-time scale. Each train of scenarios follows the same path presented in Figure 3:
double period oscillations, damped, modulated and quasi-chaotic oscillation, without ever
reaching chaos. This means that at a microscale, the release could be different from the
traces seen experimentally. The continuous increase in the amplitude of the oscillation
reflects well the increase in released aldehyde compound mass as time evolves.

Let the implementation of the multifractal model at large scales be explored further,
by introducing the following notation:

r = cothμ (23)

Then, (22) becomes:
z = R + MΩh (24)

with

h = −i
cosh μ + re2iΩssinhμ

cosh μ + re2iΩssinhμ
(25)

The significance of this parameter will be addressed later when aldehyde compound
release dynamics will be analyzed. For the moment, it will be noted that the previous
transition scenarios in the aldehyde compound release dynamics mimed as various modes
of the scale symmetry breaking can be interpreted as phase self-modulation processes at
various scale resolutions.

Let it be noted that the Ricatti-type differential Equation (14), rewritten in the notations:

M = 2μ, R = ±c, KM = −d

in the form:
2μ

dw
ds

= w2 ± 2cu − d (26)

admits, with the restriction d + c2 = −KM + R2 > 0, the bounded solution

s = − 2μ

(d + c2)
1
2

tanh−1

[
w ± c

(d + c2)
1
2

]
= − M

(−KM + R2)
1
2

tanh−1

[
w ± R

(−KM + R2)
1
2

]
(27)

By setting:

A =
(

d + c2
) 1

2
=

(
−KM + R2

) 1
2 (28)

Then

w(s) = c ± Atanh
(

As
2μ

)
= R ±

(
−KM + R2

) 1
2 tanh

⎡
⎣(−KM + R2) 1

2 s
M

⎤
⎦ (29)

Thus, there are specified behaviors of both multifractal kink type (+) as well as
multifractal antikink type (−) in the drug release dynamics. For details on the standard
kink and antikink solution see [28,29]. In Figure 4a,b, the multifractal kink and antikink
aldehyde compound release modes of the imino-chitosan system are presented. The
kink and antikink solutions found here describe two facets of the same problem. In the
fractal paradigm, the aldehyde compound release processes can be best defined by the
kink-type behavior. The simultaneous existence of both types of solution means that in
the multifractal representation of the aldehyde release phenomena of the imino-chitosan
system, ripples of the localized chemical interaction between the aldehyde compound and
the medium can be present. For the case presented in this article, the decrease of the fungi
population is reflected by the antikink type solution. Let it be noted that both solutions
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may exist at the same time, each contributing to create the complete image of the aldehyde
release in the context of antifungal application.

Figure 4. The multifractal kink (a) and antikink aldehyde (b) release modes.

Moreover, if the Ricatti-type differential Equation (14) is rewritten in the notations:

M = − 1
f

, R =
1
2

, K = 0 (30)

It will form logistic-type equations:

dw
ds

= f w(1 − w) (31)

Its linearization by means of multiplication with 1
w2 , i.e.,

dn
ds

= f n(1 − n), n =
1
w

(32)

implies, by means of integration, the solution:

w =
1

1 −
(

1 − 1
w0

)
exp[− f s]

(33)

where w0 is an integration constant of multifractal type. Thus, the increase (w) of aldehyde
release dynamics of the imino-chitosan system is restricted by the self-interaction effects(
w2) (the “finite world” effect). In Figure 5 the logistic-type dependence of aldehyde

compound release dynamics from the imino-chitosan system are presented. It can be seen
that around a fixed value for w0 it is possible to observe the complete representation of
the process. As the system reaches this optimal value, the aldehyde compound release
is enhanced and reaches a maximum at w0 − Δw. It can be seen that there is a negative
contribution at w0 + Δw following the increase in aldehyde compound release, which
means the medium changes (i.e., the fungal strains are killed changing the fractality of the
background media in which the aldehyde compound are released). The symmetry of the
solution highlights the synchronicity of the two phenomena and the coupling between
them.

114



Molecules 2021, 26, 2089

Figure 5. The logistic-type dependence of aldehyde release dynamics.

4.2. Aldehyde Compound Delivery Dynamics in the Usual Space

Considering the important role of the Riccati-type gauge in the dynamic analysis of
drug release scenario in the space scale, in the following, such an analysis is extended for
the aldehyde compound release dynamics in the usual space. Such an approach can be
implemented through a Schrödinger equation of multifractal type:

λ2(dt)[
4

f (α) ]−2
∂l∂lΨ + iλ(dt)[

2
f (α) ]−1

∂tΨ = 0 (34)

where:

∂t =
∂

∂t
, ∂l =

∂

∂Xl , ∂l∂
l =

∂

∂Xl

(
∂

∂Xl

)
(35)

based on a special invariance of the above equation, through the transformations [36]:

X′ = X
γt + δ

, t′ = αt + β

γt + δ
(36)

where α, β, γ, and δ are real elements.
In the above relation, ψ is the multifractal state function, Xl with l = 1, 2, 3 are the

multifractal spatial coordinates, t is a non-multifractal temporal coordinate having the
affine parameter role on the movement curves, dt is the scale resolution, λ is a coefficient
associated to the multifractal-non-multifractal transition, f (α) is the singularity spectrum
of order α, and α is the singularity index through which the fractal dimension DF is
specified (for DF it is possible to use use any definitions—Kolmogorov fractal dimension,
Hausdorff–Besikovich fractal dimension, etc. [37]; it is regularly found that DF < 2 for
correlative processes and DF > 2 for non-correlative processes). From such a perspective,
through f (α) it is possible to identify not only the aldehyde compound release volumes
that are characterized by a certain fractal dimension (i.e., the case of monofractal drug
release dynamics) but also the aldehyde compound release quantity for which the fractal
dimension is situated in an interval of values (i.e., the case of multifractal drug release
dynamics). Moreover, for the same f (α), it is possible to identify classes of universality in
the aldehyde compound release dynamics laws, even when regular or strange attractors
have various aspects [28,29].

Let it be observed that the transformation (36b) represents the homographic action of
a matrix:

α̂ =

(
α β
γ δ

)
(37)
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In such a context, the aldehyde release dynamics analysis in usual space is reduced
to the obtainment of a relation between the matrix ensemble α̂ and an ensemble of t
values through which t′ remains constant. Geometrically, this implies the searching of the
ensemble of points (α, β, γ, δ), univocally corresponding to the values of the parameter t.
Using (36b), the solution of the problem is reduced to a Riccati-type gauge in the form:

dt + ω1t2 + ω2t + ω3 = 0 (38)

where the following notations are used [36]:

ω1 =
γdα − αdγ

Δ
, ω2 =

δdα − αdδ + γdβ − βdγ

Δ
, ω3 =

δdβ − βdδ

Δ
(39)

with
Δ = α δ − γβ (40)

It is easy to verify the fact that the metric:

ds2 =
(δdα + αdδ − γdβ − βdγ)2

4Δ2 − dαdδ − dβdγ

Δ
(41)

is in a direct relation with the discriminant from of the quadratic polynom (40):

ds2 =
1
4

(
ω2

2 − 4ω1ω3

)
(42)

The three differentiable 1-forms from (39) completely define the coframe in every
point of the absolute space. This coframe allows the translation of all geometric properties
of the absolute space in the algebraic properties linked to (38).

The simplest property refers to dynamics on the metric geodesics, which can be
correlated directly into statistical properties and from here to the multi-fractalization
through stochasticization. In this case, the 1-forms ω1, ω2, ω3 are differentiable in the
same parameters, i.e.,:

ω1 = a1dτ, ω2 = 2a2dτ, ω3 = a3dτ (43)

Along this geodesic, (38) becomes a Riccati-type equation:

dt
dτ

= a1t2 + 2a2t + a3 (44)

with a1, a2, a3 being constants that characterize certains geodesics from the family. From
here, mathematical procedures can be implemented to obtain solutions similar to the ones
presented in Section 4.2.

4.3. Aldehyde Compound Release Transitions from the Space Scale to the Usual One

Since any descriptions of aldehyde compound release dynamics are calibrated to
Riccati-type equations, it implies algebraic structures of the SL(2R) type [29]. It results that
the algebraic structure associated with the release dynamics in the scale space has to be
isomorphic with the algebraic structure associated with the release dynamics in the usual
space. Therefore, through the theorem of Stoka, the idea is to establish the joint invariant
function that will also be the base of the aldehyde compound release transition from the
space scale to the usual one. Thus, if the differential operators of the algebraic structure of
SL(2R)-type associated with the scale space release dynamics are:

Â1 =
∂

∂h
+

∂

∂h
, Â2 = h

∂

∂h
+ h

∂

∂h
, Â3 = h2 ∂

∂h
+ h

2 ∂

∂h
+

(
h − h

)
k

∂

∂k
(45)
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with the structure:[
Â1, Â2

]
= Â1,

[
Â2, Â3

]
= Â3,

[
Â3, Â1

]
= −2Â2 (46)

and the differentiable operators of the algebraic structure of SL(2R)-type associated to usual
space release dynamics:

B̂1 =
∂

∂z
+

∂

∂z
, B̂2 = z

∂

∂z
+ z

∂

∂z
, B̂3 = z2 ∂

∂z
+ z2 ∂

∂z
(47)

with the structure: [
B̂1, Â2

]
= B̂1,

[
B̂2, B̂3

]
= B̂3,

[
B̂3, B̂1

]
= −2B̂2 (48)

Then Stoka’s system becomes [34]:

Âi f + B̂i f = 0, i = 1, 2, 3, f = f
(

z, z; h, h, k
)

(49)

The general solution is a function based on the following algebraic functions:

h − z

h − =
z

:
h − z

h − =
z
≡ ρ2,

h − z
h − z

k (50a,b)

Any joint invariant function is here a regular function of (50a,b). In (45) and (47), h
is the complex conjugate of h, z is the complex conjugate of z, and k is a unidimensional
factor.

For the case in which the joint invariant function is dependent online on (51a) with
ρ2 > 0, then for ρ = tanhμ, z is by (50a) related to h through the linear relation:

z = u + vh0 (51)

where h = u + iv is taken, provided h0 is given by (25).
This isomorphism is responsible for the aldehyde compound release transitions be-

tween the scale space and the usual one. As such, aldehyde release dynamics can be
interpreted through a joint invariant function of two isomorphic groups of SL(2R)-type,
as drug release dynamics in the form of kink–antikink pairs’ dynamics of a multifractal
type. The drug release dynamics through kink–antikink pairs of a multifractal type are
presented in Figure 6.

Figure 6. The dynamics of the kink–antikink pairs of multifractal type (a,b).

In Figure 7, the calibration of the experimental data relative to the proposed theoretical
model is presented. A good consistency of data between the theoretical model and the
experimental data can be observed. From Figure 2 it can be observed that the imino-
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chitosan derivatives have a porous quasi-fractal structure. This morphology is expected
to affect the drug release dynamics as well. A higher fractality on the surface will be
reflected in the fractality of the system. As with any fractal system, the scale transition
from polymer to the in vitro system is dependent on the fractality of the release process.
Therefore, the C0.071 system will be described by a higher fractality degree and a faster
release dynamic coupled with enhanced fungal activity. The C0.142 case is described
according to the authors’ proposed model, by a fractality degree of 1.7, which is a factor
of 3.2 lower than the C0.071 system. The lower fractality will induce a lower release
rate and lower fungal activity. The good correlation between the fractality degree of the
system and the drug-release behavior can have a potentially large impact on tailoring new
polymer–drug configurations and improving their properties.

Figure 7. Fractal model fit on the empirical data for aldehyde release (a) and fungal activity (b).

5. Conclusions

The paper reports for the first time a theoretical model for the release of a bioactive
compounds covalently bonded to a matrix, i.e., on an imine-chitosan system obtained by
covalent bonding of an antifungal aldehyde to the chitosan via reversible imine linkages.
The premises for creating this model were the fungicidal activity on Candida strains of the
system and the in vitro release curves of the antifungal aldehyde. Their good agreement
proved that the reversible bonding of aldehyde triggers its controlled release. Starting from
these premises, the model has been created considering the imino-chitosan system as a
multifractal object—a mathematical model for the release of bioactive aldehyde due to
the reversible imine linkages. The release dynamics were analyzed in the framework of
the Scale Relativity Theory, and more precisely in the form of the Multifractal Theory of
Motion. Through Riccati-type gauges, two synchronous dynamics, one in the scale space,
associated with the fungicidal activity, and the other in the usual space, associated with
the antifungal aldehyde release, become operational. Their synchronicity, reducible to the
isomorphism of two SL(2R)-type groups, implies, by means of its joint invariant functions,
aldehyde compound release dynamics in the form of kink–antikink pairs’ dynamics of a
multifractal type. The synchronicity of the two phenomena and the coupling between them
was highlighted by the symmetry of the solutions of the two operational procedures. The
theoretical model has been validated through its good consistency with the experimental
data.
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Abstract: New grafted copolymers possessing structural units of 1-vinyl-3-(1-carboxymethyl)
imidazolium betaine were obtained by graft copolymerization of N-vinylimidazole onto gellan gum
followed by the polymer-analogous reactions on grafted polymer with the highest grafting percentage
using sodium chloroacetate as the betainization agent. The grafted copolymers were prepared using
ammonium persulfate/N,N,N′,N′ tetramethylethylenediamine in a nitrogen atmosphere. The grafting
reaction conditions were optimized by changing one of the following reaction parameters: initiator
concentration, monomer concentration, polymer concentration, reaction time or temperature, while
the other parameters remained constant. The highest grafting yield was obtained under the following
reaction conditions: ci = 0.08 mol/L, cm = 0.8 mol/L, cp = 8 g/L, tr = 4 h and T = 50 ◦C. The kinetics of
the graft copolymerization of N-vinylimidazole onto gellan was discussed and a suitable reaction
mechanism was proposed. The evidence of the grafting reaction was confirmed through FTIR
spectroscopy, X-ray diffraction, 1H-NMR spectroscopy and scanning electron microscopy. The grafted
copolymer with betaine structure was obtained by a nucleophilic substitution reaction where the
betainization agent was sodium chloroacetate. Preliminary results prove the ability of the grafted
copolymers to bind amphoteric drugs (cefotaxime) and, therefore, the possibility of developing the
new sustained drug release systems.

Keywords: graft polymerization; N-vinylimidazole; gellan gum; betaine structure

1. Introduction

In recent years, the chemical modification of natural polymers, polysaccharides in particular, by
graft polymerization or by introduction of some functional groups, represents one of the most accesible
and attractive method to obtain the polymeric materials with desired properties [1].

Molecules 2020, 25, 5451; doi:10.3390/molecules25225451 www.mdpi.com/journal/molecules121
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Since 1978, when gellan gum (GLL) was isolated for the first time from Pseudomonas elodea, this
microbial polysaccharide has been used in various applications, such as in food industry as a thickening
agent [2] or in biomedical and pharmaceutical fields [3,4].

This polysaccharide can be chemically modified due to the presence of many hydroxyl groups that
can act as possible sites for grafting reaction. In the literature, some studies were found regarding the
grafting of different vinyl monomers onto gellan gum chains using various sources of initiator radicals
such as persulfate, redox systems or microwave irradiations [5,6]. Acrylic and methacrylic monomers
such as, acrylamide [7], methacrylamide [8], N,N-dimethylacrylamide [5] or 2-(dimethylamino)ethyl
methacrylate [9] were grafted onto gellan backbone in order to obtain polymeric materials with
applications in industry as adsorbents/flocculants or in pharmaceutical field as sustained/controlled drug
delivery systems. Verma et al. [10] combined the properties of N-vinyl-2-pyrrolidone and gellan gum by
a grafting reaction, obtaining a new product that can be used as a coating material, superadsorbent or
flocculating agent in the mining industry.

Among the vinyl monomers, N-vinylimidazole (NVI) has gained much attention in past years
because the grafted polymers containing the imidazole ring are biocompatible, biodegradable and
show antibacterial activity [11–15]. They were successfully used in medical and pharmaceutical fields.
Moreover, chemical modification of imidazole-based polymers opens a huge opportunity for the
development of functional polymers with complex structures [16].

The term polymers carrying betaine units (PB), or polyzwitterions, refers to polymers containing
both negative (carboxylate group, sulfonate group or phosphonate/phosphate/phosphinate group) and
positive (onium group without hydrogen atoms) charges located in the same repeat unit and separated
by an alkylene group [17–20].

The grafted polymer carrying betaine units (PGB) can be obtained by one step and multistep
processes [21,22].

One step process can be achieved by grafting monomers with a betaine structure onto the polymer
backbone, while the multistep process consists of grafting monomers containing both nitrogen and
vinyl group followed by polymer-analogous reactions onto grafted polymers in the presence of
betainization agents.

The commercial interest for these polymers is determined by their possibility to be used as
polymeric sorbents, oil recovery agents, fungicides, flame retardant polymers, emulsifying agents,
wetting agents, cleaning agents and cryoprotectants [23–25]. Polymers having various betaine structure
were synthesized in order to obtain materials sensitive to different stimuli (pH, temperature, etc.) [26].

The most interesting properties of PB are bio and hemocompatibility. Various studies have
shown that polymer coatings based on poly(phosphobetaine) can improve the biocompatibility of
some ocular devices by decreasing the adhesion of some microorganisms and eukaryotic cells [27,28].
Poly (methyl methacrylate) discs coated with a layer of sulfobetainic copolymer were exposed to
Staphylococcus epidermidis, Staphylococcus aureus and Pseudomonas aeruginosa and it was found that the
number of bacteria adhering to the surface of the discs coated with a layer of polybetaine decreased
compared to the uncovered discs [29].

Due to the presence of vinyl groups capable of grafting polymerization and tertiary nitrogen
suitable for the polymer-analogous reactions, the N-vinylimidazole is a very good candidate to obtain
polymers carrying betaine units [30,31].

In this context, the work described in this paper follows several aspects: (1) synthesis of new
grafted copolymers starting from gellan gum and N-vinylimidazole (PG); (2) finding the optimal
conditions of the grafting reaction; (3) evidence of the grafting reaction by different methods; (4)
chemical modification of new grafted copolymers containing an imidazole ring with the highest
grafting yield by polymer analogous reactions in order to obtain the grafted copolymer with a betaine
structure (PGB1); (5) immobilization and drug release studies of an antibiotic drug.
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2. Results and Discussion

The preparation of grafted copolymers with betaine structure took place in two steps.

1. Preparation of PG and finding the optimal conditions for obtaining the grafted copolymer with
maximum grafting yield.

2. Betainization reaction of PG with the highest grafting yield in the presence of sodium chloroacetate
(Figure 1).

Figure 1. Graphical representation of the synthesis pathway of PG and grafted polymer carrying
betaine units (PGB1) copolymers.

2.1. Optimal Conditions for the Preparation of PG

Various parameters such as monomer, initiator and polymer concentration, temperature and
reaction time were investigated in order to optimize the reaction conditions in graft copolymerization
of NVI onto gellan gum, as well as to improve the copolymer yield. Optimal reaction conditions were
found by modifying one of the above-mentioned reaction parameters keeping the others constant, the
reaction taking place under vigorous stirring and under a N2 atmosphere.

2.1.1. Influence of Initiator Concentration

In the initiation stage, the rate of grafting can be influenced by a number of factors such as the
nature and the concentration of the initiator, as well as the solubility of the initiator in the reaction
medium. Among the thermal initiators, ammonium persulfate (APS) is preferred due to its high
solubilization in water. In this study a redox initiator APS and N,N,N′,N′ tetramethylethylenediamine
(TEMED) (molar ratio 1:1) was used, and the influence of the initiator concentration on the grafting
parameters was performed by modifying the APS/TEMED concentration in the range of 0.02–0.1 mol/L,
keeping the monomer and gellan concentrations (cm = 0.5 mol/L; cp = 10 g/L), temperature (T = 60 ◦C)
and reaction time (t = 4 h) constant. The graphical representation of grafting parameters versus initiator
concentration is presented in Figure 2a.

As can be seen from Figure 2a grafting parameters like grafting yield (GY, %), grafting efficiency
(GE, %) and conversion (C, %) increase with initiator concentration, reaching the maximal value at
0.08 mol/L APS/TEMED. After that, a slight decrease of grafting parameters is observed. This behavior
could be explained in the following manner: at the beginning of the initiation reaction, the number of
active sites on the gellan chain increases with the increase of initiator concentration, leading both to the
formation of gellan macroradicals as well as the initiation of the grafting reaction. Then, at an initiator
concentration greater than 0.08 mol/L, a decrease of grafting parameter values is observed probably
because of an increase in the rate of homopolymerization compared to the grafting rate, this observation
being proven by the increase in the value of homopolymer yield (H%). Another explanation of the
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decrease of grafting parameters can be attributed to a competition between initiation and termination
reactions, the latter being achieved through chain-transfer to initiator or by a coupling reaction between
initiator radicals [32]. The same behaviors were observed in the case of graft copolymerization of
N-vinylimidazole onto various polysaccharides: xanthan [14], hyaluronic acid [11] and carboxymethyl
starch [32].

Figure 2. Influence of various factors on grafting parameters: (a) initiator concentration (cm = 0.5 mol/L;
cp = 10 g/L, T = 60 ◦C and t = 4 h); (b) monomer concentration (ci = 0.08 mol/L, cp = 10 g/L, T = 60 ◦C
and tr = 4 h); (c) gellan concentration (ci = 0.08 mol/L; cm = 0.8 mol/L; T = 60 ◦C and tr = 4 h); (d) reaction
time (ci = 0.08 mol/L; cm = 0.8 mol/L; cp = 8 g/L; T = 60 ◦C).

2.1.2. Influence of Monomer Concentration

Regarding the influence of the monomer concentration on the grafting yield, there are several
factors that must be taken into account: monomer reactivity, polarity, steric hindrance, stability of
the monomer radicals and concentration of monomer. In this study, the monomer concentration was
varied within the range 0.3–2 mol/L, keeping the other parameters constant: ci = 0.08 mol/L, cp = 10 g/L,
T = 60 ◦C and tr = 4 h. The influence of NVI concentration on the grafting reaction is illustrated in
Figure 2b. The results revealed an increase of GY%, GE% and C% with increasing NVI concentration
up to 0.8 mol/L due to the greater availability of NVI molecules in the immediate vicinity of active sites
located on the gellan chain, leading both to chain initiation and the formation of free radical donor that
participate in the propagation reaction.

Thereafter, an increase in the monomer concentration above 0.8 mol/L caused a decrease of
grafting parameter values, an exception being observed for the H% values that were found to increase.
This behavior can be explained on the one hand by degradative chain-transfer to NVI as proposed in
literature by Bamford and Schofield [33], and on the other hand by the poor diffusion of the monomer to
the active sites situated on the polysaccharide chains leading to the homopolymer formation. A similar
trend was reported in the literature for grafting of various vinyl monomers onto polysaccharides [11,32].
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2.1.3. Influence of Gellan Concentration

The influence of polysaccharide concentration on grafting parameters is shown in Figure 2c.
The gellan concentration was modified in the range 2–10 g/L, keeping constant the other parameters:
ci = 0.08 mol/L; cm = 0.8 mol/L; T = 60 ◦C and tr = 4 h. As can be seen from Figure 2c the grafting
parameters (GY%, GE% and C%) increased with increasing of gellan concentration until 8 g/L and then
a decrease of these parameters was observed. The increase of the grafting parameters until cp = 8 g/L
could be attributed to the increased number of grafting active centers situated on the polysaccharide
chains leading to the formation of graft copolymers. An increase of polymer concentration above 8 g/L
determines the increase of the viscosity of the reaction medium which hinders the possibility of e NVI
movement toward the active sites situated on the gellan chains. The same behavior was observed in
case of grafting on N,N-dimethylacrylamide onto gellan gum [5].

2.1.4. Influence of Reaction Time

The influence of reaction time on the grafting parameters is presented in Figure 2d and was
determined by changing the time period of grafting reaction from 2 h to 6 h, keeping all the other
reaction parameters constant (ci = 0.08 mol/L; cm = 0.8 mol/L; cp = 8 g/L; T = 60 ◦C).

The obtained results revealed that the values of grafting parameters (GY%, GE% and C%) increased
with increasing reaction time up to 4 h, due to the increase of active sites number situated on the gellan
chains. After that, an increase in reaction time led to a slow decrease of the values of the grafting
parameters. However, there was a slight increase in the homopolymer yield, suggesting the preference
of the monomer to its own macroradical than for the one on the grafted chain, probably due to some
steric hindrances. The same behavior was observed by other investigators whose results have been
published in the literature [34,35].

2.1.5. Influence of Temperature

Temperature is one of the most important factors that influence the kinetics of graft copolymerization.
The effect of temperature on the grafting parameters is shown in Figure 3a.

Figure 3. Influence of temperature on grafting of N-vinylimidazole (NVI) onto gellan gum (a) (ci =

0.08 mol/L; cm = 0.8 mol/L; cp = 8 g/L and tr = 4 h) and (b) the activation energy of the grafting reaction.

Temperature was varied from 30 to 80 ◦C, keeping constant ci = 0.08 mol/L; cm = 0.8 mol/L;
cp = 8 g/L and tr = 4 h. As can be observed from Figure 3a the optimal temperature for maximum
grafting yield was 50 ◦C and increasing temperature led to enhancement of the grafting parameters.
The increase of grafting parameters until 50 ◦C can be attributed to:

(1) an increase in the production of free radicals resulting from thermal decomposition of initiator
leading to increase in the number of the active sites on the polysaccharide chains;

(2) a decrease of reaction medium viscosity;
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(3) fast diffusion of the monomer toward the active sites from the polysaccharide backbone;
(4) increase in rate of initiation and propagation steps [13,36].

Above 50 ◦C, the values of the grafting parameters decreased, probably due to the increase
of the rate of the termination step by a combination of the monomer radicals and formation of the
homopolymer. The effect may also have been due to the slower diffusion of the monomer to growing
grafts due to steric hindrances, and its preference for growing homopolymer macroradicals.

The activation energy is another important parameter that can give information about the grafting
process and can be determined from Arrhenius equation, as follows:

k = A·e−Ea/RT (1)

where k is the rate constant, A is the pre-exponential factor, R is the gas constant (8.314 J·K−1·mol−1)
and T is the absolute temperature (K).

The general rate equation of the grafting reaction can be written:

Rg = A·[I]a·[M]b·[P]c·e−Ea/RT (2)

ln Rg = ln k′ − Ea

RT
(3)

k′ = A·[I]a·[M]b·[P]c (4)

where [I] = initiator concentration; [M] =monomer concentration; [P] = polymer concentration; a, b,
and c—reaction order with respect to initiator, monomer and polymer.

The slope (−Ea/RT) of the ln Rg plots versus 1/T is used to find the Ea value (Figure 3b). The activation
energy for PG was 49.5 KJ/mol. Similar results were observed in the case of grafting of various vinyl
monomers (acrylamide, acrylic acid and methyl methacrylate) onto starch [37].

From the above studies it can be said that the optimized reaction conditions for grafting reaction
of N-vinylimidazole onto gellan gum are as follows: initiator concentration = 0.08 mol/L; monomer
concentration = 0.8 mol/L; polymer concentration = 8 g/L, reaction temperature = 50 ◦C and reaction
time = 4 h.

2.2. Kinetics and Mechanism of graft Copolymerization

Generally, the rate equation of radical polymerization reaction is:

Rg = k·[I]1/2·[M]·[P]1/2 (5)

The rate of graft copolymerization depends on several parameters such as initiator, monomer and
polymer concentrations. In this study the graft copolymerization of NVI onto gellan was studied by
modifying one of the parameters while the other parameters remained constant. In this context, the
rate equations are:

ln Rg = ln k1 + a· ln[I], k1 = K·[M]b·[P]c (6)

ln Rg = ln k2 + b· ln[M], k2 = K·[I]a·[P]c (7)

ln Rg = ln k3 + c· ln[P], k3 = K·[I]a·[M]b (8)

The graphical representations of ln Rg versus ln [I], ln [M] and ln [P], respectively represent a
straight line and are shown in Figure 4.
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Figure 4. Plotting ln Rg versus (a) ln [I]; (b) ln [NVI]; and (c) ln [GLL].

From Figure 4 the values of the slopes of the plots suggest that the reaction order with respect to
initiator, monomer and polymer are 0.44, 0.90 and 0.53, respectively. Thus, the rate equation of grafting
reaction of N-vinylimidazole onto gellan gum is:

Rg = k·[APS/TEMED]0.44·[NVI]0.903·[GLL]0.53 (9)

Equation (13) is very similar to Equation (9) and, for this reason, the mechanism of the grafting
reaction of NVI onto gellan involves the same elementary reactions encountered in the free radical
polymerization, namely, initiation, chain growth or chain propagation, chain transfer and termination
of polymer chains [38].

The first step of the radical polymerization reaction corresponds to the formation of active species
(radicals) followed by their addition to the monomer molecule (Figure 5).

Figure 5. Initiation step of grafting copolymerization.

When the initiation system is heated, it decomposes in radical species that are able to initiate the
polymerization reaction. In the case of the APS and TEMED system, two types of radicals (alkylaminoethyl
radical derived from TEMED and sulfate radical from APS) [39] are formed and are able to initiate the
graft copolymerization of N-vinylimidazole onto the gellan backbone. The propagation step consists of
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successive addition of a large number of monomer molecule to the promoter generated in the initial step
(Figure 6).

Figure 6. Propagation step of grafting copolymerization.

The termination reactions depend on the size, activity and structure of the macroradical, the
viscosity of the medium, the temperature and the composition of the reaction mixture (Figure 7).
Depending on these factors, the mechanism of the termination reaction is different and occurs as
follows: (a) reaction with the initiator; (b) coupling/combination and disproportionation reaction; (c)
inactivation of the growth radicals by inhibitors.

Figure 7. Termination steps of graft copolymerization.
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2.3. Synthesis of Copolymer Carrying Betaine Structure

The second stage for preparation of grafted copolymer carrying structural units of 1-vinyl-3(1-
carboxymethyl) imidazolium betaine consists in polymer-analogous reactions on grafted copolymer
with the highest grafting yield in the presence of sodium chloroacetate as a betainization agent. From
the reaction mechanism point of view, the grafted betaine copolymer with one methylene group
between the opposite charges is achieved by the nucleophilic substitution reaction. The chemical
structure of PGB1 is presented in Figure 8.

Figure 8. Betainization reaction of PG copolymer with sodium chloroacetate.

Different reaction parameters (temperature, reaction time, concentration of betainization agent)
were modified in order to find the optimal value of betainization degree. It was found that the increase
of all parameters mentioned above, up to a certain value, led to an increase of betainization degree.
The optimal conditions for synthesis of graft copolymers carrying betaine structure was found to be:
concentration of betainization degree = 20%, T = 60 ◦C and the reaction time = 72 h.

The degree of betainization was obtained by FTIR spectroscopy using the relative ratio between
integrated area of betainized (1637 cm−1) and chemically unmodified imidazole ring (1500 cm−1).
The curve fitting of the FTIR spectrum of PGB1 in the region 1700–1420 cm−1 was realized using OPUS
Software on the basis of a linear regression Levenberg-Marquardt model, the method being similar to
that mentioned in our previous paper [40]. In this case, the betainization degree was found to be 89.97%.

2.4. Characterization of PG and PGB1

2.4.1. 1H-NMR Spectroscopy

1H-NMR spectroscopy was used to elucidate only the structure of PG because the PGB1 is insoluble
in the solvent used for PG, poly(N-vinylimidazole) (PNVI) and GLL samples. The structure of PG
was elucidated by comparing the PNVI and GLL spectra with the spectrum of the grafting copolymer
(Figure 9).

It is well known that for PNVI (Figure 9b) the following characteristic signals can be observed:
(1) multiplet signals at δ = 6.61–7.08 ppm assigned to the protons (H2, H4 and H5) belonging to the

imidazole ring; (2) multiplet signals at δ = 3.7–3.9 ppm due to the methine protons; (3) doublet signal at
δ = 2.07–2.13 ppm assigned to the backbone methylene protons; (4) triplet signal at δ = 2.58–2.87 ppm
related to the splitting chain -CH group (isotactic, heterotactic and syndiotactic triads) [41].

The spectrum of GLL (Figure 9a) contains characteristic peaks of the tetrasaccharide repeating units
as follows: -CH of glycosidic bonds in sugar at δ = 5.83 ppm; -CH of rhamnose at δ = 5.15 ppm; -CH of
glucose and glucuronic acid at δ = 3.36–4.61 ppm; -CH3 of rhamnose at δ = 1.29–1.31 ppm [42,43].

The 1H-NMR spectrum presented in Figure 9c proved the synthesis of the PG copolymer because
in this spectrum the characteristic signals of both PNVI (δ = 6.72–7.13 ppm—protons belonging to
the imidazole ring; δ = 2.14–2.35 ppm—backbone methylene protons) and GLL (δ = 3.37–4.61 ppm—
protons of the tetrasaccharide repeating units; δ = 1.29–1.31—CH3 of rhamnose) polymers are found.
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Figure 9. 1H-NMR spectra of GLL (a); PNVI (b) and PG samples (c).

2.4.2. FTIR Spectroscopy

The infrared spectra of PNVI, GLL PG and PGB1 samples are presented in Figure 10.

Figure 10. The infrared spectra of PNVI (a); GLL (b); PG (c) and PGB1 samples (d).
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The infrared spectrum analysis of gellan gum (Figure 10b) showed the following adsorption
bands: 3566 cm−1 attributed to the O-H stretching of hydroxyl groups of glucopyranose ring; 2892
cm−1 characteristic of the aliphatic-CH; 1611 and 1420 cm−1 assigned to the asymmetric and symmetric
vibrations of the carboxylate group and 1027 cm−1 attributed to the C-O-C bonds.

In the PNVI spectrum (Figure 10a) the following characteristic absorption bands are observed:
3100 cm−1 assigned to C-H stretching vibration; 2957 cm−1 attributed to the C-H and CH2 stretching
vibrations of the backbone chain. A strong and broad band is observed at 1655 cm−1 that is characteristic
of the C=C ring stretching vibrations. The bands observed at 1500, 1285, 1230, 1083 and 914 cm−1

are assigned to C-C, C=N ring stretching vibrations, C-H bending vibration, the ring C-H bending
and C-C-C bending vibration of the backbone of the aliphatic chain. Two characteristic bands for the
imidazole ring were observed at 1500 and 665 cm−1, the last being attributed to the puckering vibration
of imidazole ring [41].

In the FT-IR spectrum of the PG copolymer (Figure 10c) a shifting of -OH stretching vibration from
about 3400 cm−1 (3392 cm−1 for PNVI and 3415 cm−1 for GLL) to 3479 cm−1 is observed, as well as a
decrease of intensity of the absorption bands corresponding to the -OH group vibration, indicating the
participation of hydroxyl groups in the grafting reaction. The bands at 1630 cm−1 (>C=C< stretching
vibrations in imidazole ring), 1545 cm−1 (>C=N− stretching vibration) and 1124 cm−1 (in-plane bending
vibration of the C-H bond inside imidazole ring) indicate the presence of PNVI in the structure of the
grafted copolymer, and also the confirmation of grafting of the vinyl monomer onto the gellan backbone.

If the FT-IR spectra of PG and PGB1 copolymers are compared (Figure 10d) the appearance
of new absorption bands specific to the betaine structure can be observed as follows: the band at
3439 cm−1 appears due to the >C=N+ group, and the shift of the adsorption band from 1630 cm−1 to
1637 cm−1 is due to the overlap the vibration band of >C=N− group from PNVI with the absorption
band corresponding to the asymmetric COO− group. The absorption bands at 1340 and 1266 cm−1

may be attributed to the stretching vibration of carboxylate group.

2.4.3. Surface Morphology Analysis

Surface morphology images at high magnification (2000×) of PNVI, GLL, PG and PGB1 samples
were analyzed using a scanning electron microscope coupled with an energy dispersive X-ray system
and are presented in Figure 11.

 
Figure 11. Scanning electron microscope (SEM) images and energy dispersive X-ray (EDAX) analysis
of PNVI, GLL, PG and PGB1 samples.
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The PNVI sample showed a compact porous structure while GLL and PG samples seemed to
have a fibrous structure. When NVI was grafted onto the GLL backbone, microstructural changes
were observed, the PG copolymer having a more ordered structure compared to that of the gellan.
The reaction between PG copolymer and sodium chloroacetate led to the preparation of the grafting
copolymer with betaine structure having a porous structure.

The EDAX analysis confirmed both grafting of N-vinylimidazole onto gellan gum and the
formation of graft copolymer carrying betaine units as follows:

(1) the presence of nitrogen belonging only to NVI on the surface of PG and PGB1 copolymers;
(2) increase of C% value of the PG molecule compared to that from GLL indicating the presence of

PNVI in the PG structure;
(3) increase of C% and O% values, as well as the decrease of N% values, of the PGB1 copolymer

compared those from the PG copolymer due to the formation of betaine units.

2.4.4. X-Ray Diffractions Analysis (XRD)

XRD patterns of GLL, PNVI, PG and PGB1 samples are illustrated in Figure 12.

Figure 12. XRD patterns of PNVI (a); GLL (b); PG (c) and PGB1 samples (d).

X-ray diffraction spectra of PNVI and GLL show two broad diffraction peaks at lower diffraction
angle values (2θ = 20◦ and 10◦) indicating the amorphous structure of both polymers. The XRD pattern
of PG copolymer presents the combined signals of started polymers leading to the conclusion that the
grafting of PNVI onto gellan gum was successfully completed. The PGB1 copolymers presented an
amorphous structure.
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2.4.5. Thermogravimetric Studies

Thermogravimetric studies were realized to prove the preparation of both grafted copolymers
and grafted copolymers carrying betaine units. The thermal stability of PNVI, GLL, PG and PGB1
samples was discussed according to the temperature at which intensive degradation took place and
the results are presented in Table 1.

Table 1. Thermogravimetric analysis data for main stage of decomposition.

Sample Codes
Decomposition Temperature Weight Loss

(%)
Residual Mass

(%)Ti (◦C) Tm (◦C) Tf (◦C)

PNVI 406 433 519 47.3 3.9

GLL 241 250 322 45.0 16.1

PG 429 454 548 15.9 53.3

PGB1 256 278 410 40.9 31.2

Thermogravimetric (TG) and derivative thermogravimetric (DTG) curves of PNVI, GLL, PG and
PGB1 samples (Figure 13) showed that thermal degradation was characterized by four (PNVI), three
(GLL), five (PG) and three (PGB1) stages of degradation.

Figure 13. TG and DTG curves of PNVI, GLL, PG and PGB1 samples.

The main stages of degradation for PNVI and gellan occurred in the temperature ranges 406–519
◦C and 241–322 ◦C, respectively being characterized by an important weight loss of 47.30% and 44.96%,
probably due to the degradation of the polymer backbone. The degradation results of PG showed
that the grafting of NVI onto gellan gum increased the thermal stability of the copolymer, the main
stage of decomposition occurring in the range 429–548 ◦C with a weight loss of 15.85%. This behavior
can be explained by the presence of an imidazole ring belonging to PNVI which is thermally stable.
The same observations were reported by other authors for grafting of poly(N-vinylimidazole) onto
carboxymethyl chitosan [32]. The introduction of betaine units led to decrease of thermal stability
of PGB1, the main stage of decomposition taking place in the range 256–410 ◦C with a weight loss
of 40.92%. After thermal treatment up to 700 ◦C the remaining residual masses were 3.92% (PNVI),
16.14% (GLL), 53.29% (PG) and 31.18% (PGB1), respectively. Taking into account the results previously
presented, it can be said that the grafting reaction was realized and the grafting of NVI onto gellan
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gum led to an increase in thermal stability of the PG copolymers, whereas the introduction of betaine
units induced a slight decrease in the thermal stability of PGB1 copolymers.

2.5. Immobilization and Drug Release

The synthesis of grafted copolymers with N-vinyl imidazole (PG), and subsequently functionalized
with betaine structure (PGB1), was made in order to obtain precursors capable of binding amphoteric
drugs through ionic interactions. Consequently, a preliminary study was performed on the immobilization;
respectively the release of an amphoteric model drug (cefotaxime sodium salt) to verify our hypothesis.
The ionic interaction of the drug is possible both with the copolymer PG, which contains carboxylic
groups belonging to gellan, and especially with the copolymer PGB1, which contains carboxylic groups
belonging to both the gellan and the betaine structure.

Cefotaxime sodium salt (CF) is a semisynthetic third generation cephalosporin with bactericidal
activity, being more active against gram-negative bacteria than gram-positive bacteria [44].

Cefotaxime sodium salt was immobilized onto PG and PGB1 samples in a bach system. The
maximum immobilization capacities of CF onto PG and PGB1 samples were found to be 420 mg/g and
473.2 mg/g, repectively. Obviously, the higher CF binding capacity was higher for the PGB1 copolymer
which contains a higher number of carboxylic groups compared to the PG copolymer.

The release profiles of CF as a function of time are presented in Figure 14.

Figure 14. Release profile of cefotaxime sodium salt from PG and PGB1 samples.

From Figure 14, it can be observed that the amount of CF released from PG and PGB1 was higher
at pH = 7.4 than pH = 1.2. In acidic pH values, the carboxylate groups of gellan became protonated, the
repulsions between polymer chains being much diminished resulting in a decrease of swelling degree
and finally in a decrease of the amount of drug released. At higher pH values, the carboxylate groups
were ionized and the electrostatic repulsive forces between COO− groups located on the copolymer
backbone caused an increase of the swelling capacity leading to an increase of amount of drug released.

To analyze the type of release mechanism, the drug release data were fitted using two release
kinetic models: the Higuchi and Korsmeyer-Peppas models.

The Higuchi model is based on the Fick’s law and is used to describe the release of a water soluble
drug from solid matrices [45]. The mathematical equation of Higuchi model is:

Qt = kH·t 1
2 (10)

where kH is Higuchi dissolution constant.
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The Korsmeyer-Peppas model describes the mechanism of drug release from polymeric
systems [46]:

Mt

M∞
= kr·tn (11)

where Mt/M∞ = fraction of drug released at time t; kr = release rate constant that is characteristic
to polymer-drug interactions; n = the diffusion exponent is characteristic to the different release
mechanisms.

Depending on the values of n, the release can take place through several mechanisms such as:
n = 0.5, Case I diffusion or Higuchi kinetic (diffusion/controlled drug release); 0.5 < n < 1, anomalous
diffusion; n = 1, Case II transport (swelling-controlled drug release); n > 1, super Case II transport.

The values of the release parameters of CF from PG and PGB1 are presented in Table 2.

Table 2. Kinetic parameters of CF release from PG and PGB1.

Sample Codes
Higuchi Model Korsmeyer-Peppas Model

kH (h−1/2) R2 kr (min−n) n R2

PG 0.249 0.993 0.053 0.377 0.992

PGB1 0.236 0.990 0.023 0.550 0.991

Based on the release exponent n from the Korsmeyer-Peppas equation, the release mechanism of
CF from the PG sample is controlled by a diffusion process while the release mechanism of CF from
the PGB1 sample is more complex, being controlled by both swelling and diffusion processes.

The results presented in this study attest the ability of the two types of copolymers to bind
amphoteric drugs through electrostatic interactions. An in-depth study on the immobilization of
biologically active principles with cationic or anionic characteristics on grafted copolymers carrying
betaine units is the subject of further work.

3. Materials and Methods

3.1. Materials

Gellan gum (Mw = 1 × 106 g/mol), ammonium persulfate, N,N,N′,N′-tetramethylethylenediamine,
acetone, ethanol, sodium chloroacetate, hydrochloric acid, potassium chloride, monobasic and dibasic
sodium phosphate and cefotaxime sodium salt were supplied from Sigma-Aldrich, Germany and were
used as received. N-vinylimidazole was purchased from Sigma Aldrich, Germany and was distilled
under vacuum. Ultrapure grade water (Ω < 10−6 s/cm) was prepared by purifying deionized water
with Millipore Simplicity-UV apparatus.

3.2. Synthesis of Grafted Polymers (PG)

The PG copolymers were prepared by using the free radical polymerization technique in presence
of redox initiator (APS + TEMED) in nitrogen atmosphere.

60 mL of (2–10 g/L) gellan solution in ultrapure distilled water was added into a 250 mL
three-necked round-bottom flask equipped with a magnetic stirrer and a thermostater water bath.
To gellan solution various amounts of NVI (cm = 0.3–2 mol/L) were added followed by the addition of
different amounts of initiator solutions (ci = 0.02–0.1 mol/L). The molar ratio between APS and TEMED
was 1:1, which has been reported in literature to be the optimal value for obtaining free radicals as well
as the polymer with highest grafting yield [47]. The grafting reactions were carried out at different
reaction temperatures (30–80 ◦C) and at various periods of time (2–6 h). Finally, the grafting mixture
was precipitated under vigourous stirring in cold acetone and then the grafted copolymers were
separated by filtration under vacuum using borosilicate glass filter crucibles, porosity 4. Thereafter, the
grafted copolymers were purified by extraction with ethanol in a Soxhlet apparatus in order to remove
the homopolymer, and were dried in vacuum oven at 50 ◦C for 48 h.
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3.3. Estimation of Grafting Parameters

The grafting parameters were calculated as follows [48,49].

GY (%) =
weight o f gra f ted PNVI

weight o f gellan
·100 (12)

GE (%) =
weight o f gra f ted PNVI

weight o f polymer f ormed
·100 (13)

C (%) =
weight o f polymer f ormed

weight o f monomer f ed
·100 (14)

H (%) = 100−GE (%) (15)

3.4. Synthesis of Grafted Polymer Carrying Betaine Units

Grafted polymer carrying betaine units was prepared by the betainization reaction of PG with
maximum grafting yield in the presence of sodium chloroacetate. Thus, 5 g of PG were swollen in water
for 24 h at room temperature then centrifuged at 78 RCF for 10 min after which an aqueous solution
of sodium chloroacetate (100 mL, c = 20%, w/v) was added. To calculate the amount of betainization
agent required for the polymer-analogous reaction, the molar ratio between nitrogen and sodium
chloroacetate was considered to be 1:1.5. The reaction mixture was gently stirred at T = 60 ◦C for 72 h.
The final product was removed from the reaction medium by precipitation in acetone and then the
precipitate was extracted with water in a Soxhlet apparatus. The final product was insoluble in water.

3.5. Infrared Spectroscopy

FTIR spectra were recorded on a Bruker Vertex 70 FTIR spectrometer (Wien, Austria) at a resolution
of 2 cm−1 in the frequency range of 400–4000 cm−1, by the KBr pellet technique (pellets obtained at a
pressure of 2 tons for 1 min).

3.6. 1H-NMR Analysis

1H-NMR measurements of PNVI, gellan and PG were performed on a high-resolution liquid
NMR 400 MHz spectrometer Bruker Neo-1 (Rheinsteitten, Germany) for direct detection probe, with
5 mm Quadra nuclei probes, QNP (four nuclei, 1H/13C/19F/29Si). Sample solutions were prepared with
deuterated water and 1N NaOH as solvent. TSP (trimethylsilylpropanoic acid) (δ = 0.0 ppm) was used
as an internal standard. Detection temperature was set at 25 ◦C and the sample was scanned 64 times.

3.7. Scanning Electron Microscopy (SEM)

The surface morphologies of gellan, PNVI, PG and PGB1 in powder form were analyzed with an
environmental scanning electron microscope type Quanta 200 at 25 kV with secondary electrons in low
vacuum. The microscope was coupled with an energy dispersive X-ray system for qualitative and
quantitative analysis.

3.8. X-Ray Diffraction Analysis (XRD)

The XRD patterns of PNVI, GLL, PG and PGB1 samples were recorded employing a D8 Advance
Bruker AXS device using a CuKα radiation at a current/voltage of 36 mA/30 kV.

3.9. Thermogravimetric Analysis (TG/DTG)

The thermal stability of the crosslinked epoxy resins were thermogravimetrically analyzed using
a STA 449 F1 Jupiter apparatus (Netzsch, Selb, Germany) coupled to a Vertex 70 spectrophotometer for
FT-IR analysis and Aeölos QMS 403C mass spectrometer (Netzsch-Germany) for the mass spectroscopic
analysis of the evolved gases. Samples of about 10 mg placed in Al2O3 crucibles were thermally
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degraded at a heating rate of 10 ◦C min−1, under air atmosphere in the temperature range between
25 ◦C and 700 ◦C.

3.10. Immobilization and Drug Release

CF immobilization was realized as follows: 0.2 g of PG and PGB1 copolymers were weighed
into 50 mL conical flasks and then 20 mL of CF (cCF = 3·10−3 g/mL) were added. The samples were
placed in a thermostatic shaker bath (Memmert MOO/M01, Schwabach, Germany) and shaken at
180 strokes/minute until equilibrium was reached. The flasks were removed from the shaker and the
copolymers were centrifuged at 78 RCF for 10 min. The amount of CFR immobilized onto PG and
PGB1 copolymers was determined by UV-VIS spectrophotometry (SPEKOL 1300 Spectrophotometer,
Analytik Jena, Jena, Germany) at a wavelength of 236 nm, based on a calibration curve.

The amount of drug immobilized was obtained using the following equation:

qe =
(C0 −Ce)·V

W
(16)

where qe is the amount of CF immobilized onto PG and PGB1 copolymers (mg/g), C0 is the initial
concentration of drug (mg/mL), Ce is the drug concentration at equilibrium (mg/mL), V is the volume
of drug solution (mL) and W is the weight of the copolymers.

In vitro release studies of cefotaxime sodium salt were performed by immersing the PG and
PGB1 samples (0.1 g) in 10 mL of simulated gastric fluid (pH = 1.2) for 2 h and phosphate buffer
solution (pH = 7.4) for 10 h at 37 ◦C. The buffer solutions were prepared according to protocols well
known in the literature [50,51]. The samples were placed in a thermostated shaker bath (Memmert
M00/M01, Germany) under gentle shaking (50 strokes/minute). Withdrawal of a small volume (1 μL)
of release solution was done and the CF solutions collected at different intervals of time were measured
spectrophotometrically at a wavelength of 236 nm using a UN-VIS spectrophotometer (Nanodrop ND
100, Wilmington, DE, USA). The amount of CF released was calculated using a calibration curve.

4. Conclusions

Grafted polymers carrying betaine units were obtained by grafting N-vinylimidazole onto a gellan
gum backbone followed by a betainization reaction of the grafted copolymer with maximum grafting
yield in the presence of sodium chloroacetate. The grafted copolymers were successfully obtained
by a free radical polymerization technique in the presence of redox initiator (APS + TEMED) and a
nitrogen atmosphere. From the point of view of the reaction mechanism, the betainization reaction is a
nucleophilic reaction and the betainization degree estimated by FTIR spectroscopy was found to be
about 90%. The grafting parameter (GY%, GE%, H% and C%) could be adjusted by changing one of
the reaction parameters. The optimized reaction conditions for the grafting reaction of NVI onto GLL
were as follows: initiator concentration = 0.08 mol/L; monomer concentration = 0.8 mol/L; polymer
concentration = 8 g/L; reaction temperature = 50 ◦C and the reaction time = 4 h. The mechanism of
grafting reaction is similar with that of free radical polymerization.

FTIR spectroscopy, 1HNMR spectroscopy, X-ray diffraction, thermogravimetric analysis and
scanning electron microscopy confirmed the grafting reaction of NVI onto gellan, as well as the
synthesis of grafted polymers having betaine structure.

In vitro release studies of CF proved the capacity of the new grafted copolymers to immobilize
amphoteric drugs and highlighted the fact that the release mechanism of CF from PG and PGB1 samples
is controlled by diffusion process or by a combination between diffusion and swelling processes. These
results demonstrated that the grafted copolymer with betaine structure can be a potential candidate for
developing sustained/controlled drug delivery systems.
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Abstract: The objective of the research reported herein is to compare the compaction properties
of three different chitin extracts from the organisms most used in the seafood industry; namely
crabs, shrimps and squids. The foregoing is examined in relation to their polymorphic forms as
well as compression and compaction behavior. Chitin extracted from crabs and shrimps exhibits
the α-polymorphic form whilst chitin extracted from squid pins displays a β-polymorphic form.
These polymorphs were characterized using FTIR, X-ray powder diffraction and scanning electron
microscopy. Pore diameter and volume differ between the two polymorphic powder forms. The β

form is smaller in pore diameter and volume. Scanning electron microscopy of the two polymorphic
forms shows clear variation in the arrangement of chitin layers such that the α form appears more
condensed due to the anti-parallel arrangement of the polymer chains. True, bulk and tapped densities
of these polymorphs and their mixtures indicated poor flowability. Nevertheless, compression and
compaction properties obtained by applying Heckle and Kawakita analyses indicated that both
polymorphs are able to be compacted with differences in the extent of compaction. Chitin compacts,
regardless of their origin, showed a very high crushing strength with very fast dissolution which
makes them suitable for use as fast mouth dissolving tablets. Moreover, when different chitin
powders are granulated with two model drugs, i.e., metronidazole and spiramycin they yielded high
crushing strength and their dissolution profiles were in accordance with compendial requirements.
It is concluded that the source of chitin extraction is as important as the polymorphic form when
compression and compaction of chitin powders is carried out.

Keywords: chitin; polymorphs; chitin sources; chitin characterization; disintegration; dissolution;
crushing strength; compression analysis

1. Introduction

Chitin (CH; poly-β-(1,4)-N-acetyl glucosamine) occurs in the exoskeletons of crustaceans,
insects and the cell walls of algae and fungi. CH has a protective and supporting function; it is
responsible for the rigidity of the exoskeletons of insects and crustacean, and its presence in the
cell walls of fungi and algae facilitates movement [1]. Currently, there are no synthetic methods
for preparing CH. As a result, methods to obtain CH are dependent on extraction from crustaceans
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and algae. Usually, these methods are carried out in the following sequence: deproteinization,
demineralization and discoloration [2]. The methods of preparation, as well as physical and chemical
characterization of CH, are the subject of an extensive review by Daraghmah et al. [1].

Usually, CH exists in different organisms in its “complexed” forms with proteins, carbohydrates,
or lipids. This means that CH, in order to interact with other chemical functional groups in the tissues
of organisms, must have free functional binding groups. This is clear evidence that CH must have
some deacetylated domains which means it cannot be isolated in pure form. Consequently, purification
of CH involves freeing this insoluble material from various debris and other active matter such as
deacetylated derivatives; namely, chitosan (CHS) and glucosamine. It seems that there is no clear
demarcation between extraction and purification of CH which is therefore obtained with different
molecular weights ranging from hundreds to thousands of kDa. Regardless of variations in molecular
weight, CH can occur in three distinct existing polymorphic forms: α, β and γ. CH polymer chains in
the α polymorph are aligned in an anti-parallel fashion, whilst in β polymorphs the alignment occurs
in parallel. In the γ form the CH polymer chains are arranged in a pattern whereby two parallel chains
are in one direction whilst the third is in the opposite direction [1]. Whether or not the anatomical
variation of CH in a particular organism affects the mechanical properties of extracted CH is still the
subject of active research.

CH is a polymer which is insoluble in water and other conventional solvents. It has a structure
deprived of active functional groups. This leaves the CH surface without any reactive functional
groups with no ability to react with any chemical moieties; thus, it is chemically inert. In addition,
its lack of absorption in the human body allows it to be considered as a pharmacologically inert
material. This means it is an ideal material to be used as a pharmaceutical excipient from both a
chemical and pharmacological perspective [3,4]. Furthermore, CH is classified as grass in the FDA
classification for materials safety usage [5]. This unique characteristic keeps the door open for future
use as a pharmaceutical excipient particularly in liquid and solid dosage forms. The challenge in
utilizing CH in solid pharmaceutical preparations is its powder flow and mechanical characteristics,
including compaction and compression [6].

It may be advantageous to highlight the similarity of CH with the most popular excipient
in pharmaceutical solid dosage form preparations, i.e., cellulose and its derivatives such as micro
crystalline cellulose (MCC) [7]. MCC shares with CH its β-(1,4) glycosidic bond, and its relative
chemical and pharmacological inertness. Researchers in the CH field are attempting to emulate and
test if the same techniques which have been successfully used to modify MCC can be applied in the
field of CH research, particularly in solid pharmaceutical dosage form preparations [8,9].

It is well known that, like MCC, CH and CHS powder flow properties suffer from low bulk
density. This causes unsmooth flow which is attributed to the fibrous nature of these natural
polymers [6,10]. Attempts to alleviate this drawback have been tested by adding silicon dioxide to
CH and CHS powders [11,12]. The addition of silicon dioxide facilitates smooth flow in tableting
machines. Furthermore, combining CH/CHS with Avicel PH201, starch 1500, calcium carbonate
or gelatin have been tested and were found to dramatically improve the flow behavior of the
composite powders [13–15]. The improvement in flow properties has encouraged novel applications
of these composites in producing pharmaceutical solid dosage forms excipients, especially as direct
compression excipients. It is worth mentioning that various attempts to utilize CH as a novel solid
drug delivery system were carried out by Daraghmeh et.al. [16], whereby CH was co-processed with
mannitol to produce orodispersible tablets able to disintegrate in the mouth within a few seconds.
Furthermore, CH was formulated, by Gana et.al. [17], with cephalosporins and metal silicates in
order to obtain an insight into the effect of pH on the CH surface and its influence on drug stability.
Abu Fara et al. [8] used roller compaction to improve CH powder flow qualities and to make its
compression and compaction characteristics compatible for use in industrial pharmaceutical machines.
Additionally, there are some on-going trials to extend the use of CH and CHS as excipients in a similar
method followed in improving MCC powder flow using spray drying [6,18]. Such studies, show that
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CH is a suitable solid pharmaceutical excipient. As a result, it can be concluded that CH powder
modification is essential in order to commercialize this novel excipient.

Natural polymers usually contain crystalline and amorphous domains in their structure.
The balance between these two components controls the powder flow behavior. It has been reported
that during the compaction of MCC, its crystalline domains are responsible for fragmentation while
its amorphous domains are responsible for polymer plasticity, which induces bonding [7]. This is
confirmed in the case of lactose, whereby amorphous lactose offers better compactibility than the
crystalline form [19,20]. Accordingly, it seems that an amorphous powder is more compactable but the
bulk density is usually lower than the crystalline material. Consequently, studying the impact of the
crystalline-amorphous balance on powder flow is a pre-requisite to its industrial use. However, a review
of the scientific literature does not show if CH polymorphs differ in their response towards compression
and compaction.

CH has diverse functions in different tissues in an organism; e.g., the CH in the lining of the
gastrointestinal tract in some organisms is more flexible to suite its functional role and has more elasticity
than exoskeleton CH, which is a harder material. Such functionality raises the question whether CH
polymorphs behave in a similar manner when compressed, or does the functional use dictate their
mechanical strength, as expressed in different tissues of organism? As sea food remains from industrial
packaging contain a mixture of CH with various origins, it would be interesting to compare extracted
CH from the most utilized CH sources, namely shrimp, crab and squid. These organisms are known to
have α (shrimp and crab) and β (squid) CH polymorphs. Such polymorphs can be differentiated by
their powder X-ray diffraction patterns. It would be interesting to test each polymorph individually
and discern the differences in their compaction and compression behavior.

The present work focuses on pharmaceutical powder compression and compaction properties
of CH extracted from the most widely used sea food organisms namely crabs, shrimps, and squids.
The influence of variation inα andβCH polymorphic forms due to CH extraction source on compression
and compaction is explored. Hence it may be possible to ascertain whether CH sources must be
processed separately or collectively prior to their extraction.

2. Results

2.1. Bulk, Tapped Density and True Density

The bulk, tapped, and true densities of CH from different sources, as well as of their mixtures
(Sh9Sq1, Sh7Sq3, and Sh5Sq5) are presented in Table 1. Crab (CH-Cr) and shrimp (CH-Sh) CHs have
much higher bulk and tapped densities than squid CH (CH-Sq).

Table 1. True, bulk and tapped densities, HR, and CI of CHs from different sources and their mixtures.

Sample *
Bulk Density

(kg/m3)
Tapped Density

(kg/m3)
True Density

(kg/m3)
HR CI

CH-Cr 332 ± 9 531 ± 9 1400 ± 30 1.60 ± 0.04 60 ± 4
CH-Sh 280 ± 6 401 ± 6 1700 ± 40 1.43 ± 0.02 43 ± 2
CH-Sq 190 ± 4 338 ± 4 1200 ± 20 1.78 ± 0.03 78 ± 3

CH-Sh9Sq1 255 ± 6 402 ± 6 1650 ± 35 1.58 ± 0.03 58 ± 3
CH-Sh7Sq3 252 ± 6 403 ± 6 1550 ± 30 1.60 ± 0.03 60 ± 3
CH-Sh5Sq5 242 ± 5 403 ± 5 1450 ± 25 1.67 ± 0.02 67 ± 2

* CH-Cr = crab CH, CH-Sh = shrimp CH, CH-Sq = squid CH, CH-Sh9Sq1 =mixture of 90 wt% shrimp CH and
10 wt% squidCH, CH-Sh7Sq3 = mixture of 70 wt% shrimpCH and 30 wt% squid CH, CH-Sh9Sq1 = mixture of
50 wt% shrimp CH and 50 wt% squid CH.

To study the effect of mixing CH from different sources, CH-Sh was chosen as representative of
α-CH, and mixed with CH-Sq (β-CH) in different compositions, as shown in Table 1. With respect to
bulk and tapped densities, such mixtures manifested intermediate values between the low (CH-Sq)
and high (CH-Sh) bulk and tapped densities.
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In comparing the powder flowability of CH from different sources, the Carr index (CI) and
Hausner ratio (HR) were determined [21]. Flowability results, as illustrated in Table 1, indicate that CH
from different sources, as well as their mixtures, exhibit extremely poor flowability. Flow interpretation
criteria based on HR and CI is given in the literature [21]. As for densities, the mixtures manifested
intermediate HR and CI values between the low and high values presented by CH-Sh and
CH-Sq, respectively.

2.2. Water Content

The water content of CH from different sources are presented in Table 2. The water content of
CH-Cr and CH-Sh is almost half that of CH-Sq.

Table 2. Water content of CH extracted from different sources.

Sample CH-Cr CH-Sh CH-Sq

Water content (wt %) 5.44 ± 0.06 4.84 ± 0.05 8.65 ± 0.06

2.3. Porosity of Powders

The porosity parameters of the three CH powder samples are shown in Table 3. The pore volume
of crab and shrimp CHs are of similar values, whereas that of squid CH is ~20% less. On the other
hand, crab CH has the largest pore diameter and squid CH has the smallest.

Table 3. Porosity parameters for CH-Cr, CH-Sh, and CH-Sq.

Sample
Pore Volume

(cm3/g)
Average Pore Diameter

(nm)

CH-Cr (7.308± 0.003) × 10−3 5.68 ± 0.01
CH-Sh (6.977± 0.003) × 10−3 4.32 ± 0.01
CH-Sq (5.353± 0.002) × 10−3 3.70 ± 0.01

2.4. FTIR

The Fourier-transform infrared (FT-IR) spectra of α-CH (CH-Cr and CH-Sh) and β-CH (CH-Sq)
are shown in Figure 1. For α-CH, the amide I band is split at about 1650 and 1620 cm−1 (Figure 1a,b),
whereas it is a single sharp band at about 1657 cm−1 for β-CH (Figure 1c). The amide II band appears
at about 1555 and 1559 cm−1 for α- and β-CH, respectively. Both polymorphs show strong absorption
bands in the 3100–3285 cm−1 region which correspond to the N–H group. Bands in the 2840–2960 cm−1

region are due to CH, CH2, and CH3 in both CH polymorphs [1].

2.5. X-ray Powder Diffraction (XRPD) Analysis

The XRPD profiles of CH from different sources are presented in Figure 2. The XRPD patterns of
crab (CH-Cr) and shrimp CH (CH-Sh) show four sharp crystalline reflections indicative of α-CH at
2θ = 9.3, 19.1, 20.6, and 23.2◦.

The XRPD pattern of squid CH (CH-Sq) shows two broad crystalline peaks at 8.7 and 19.8◦ which
indicates that squid CH is of the β-CH type. The crystal size of CH-Cr and CH-Sh is almost the same.
Squid CH has a smaller crystal size than crab and shrimp as its pattern peaks at 9◦ and 19◦ are much
wider for CH-Sq than the corresponding ones for CH-Cr and CH-Sh. Table 4 shows the crystalline
index (ICR) of the three CH samples. These results indicate that α-CH has a more crystalline structure
because of its inter-sheet and intra-sheet structure [22,23]. Crystalline index (ICR) is used to estimate
the degree of deacetylation (DDA) of CH using a method reported by Zhang et al. [24]. DDA results
presented in Table 4 shows that α-CHs (CH-Cr and CH-Sh) is less deacetylated than β-CH (CH-Sq),
which conforms with findings reported in the literature [1,2,22].
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Figure 1. FTIR spectra of (a) CH-Cr, (b) CH-Sh (b), and (c) CH-Sq.
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Figure 2. X-ray powder diffraction (XRPD) patterns of CH-Cr, CH-Sh, and CH-Sq CH.

Table 4. Crystalline index (ICR) and degree of deacetylation (DDA) of CH extracted from
different sources.

Sample CH-Cr CH-Sh CH-Sq

ICR (%) 84.3 ± 0.1 85.2 ± 0.1 72.1 ± 0.2
DDA (%) 26.1 ± 0.6 24.9 ± 0.5 42.3 ± 0.7

2.6. Scanning Electron Microscope (SEM)

SEM was used to highlight the contribution of micro-irregularities to powder physical properties
by visualizing the surface of CH particles from different sources. Figures 3–5 present SEM images of crab
(CH-Cr), shrimp (CH-Sh), and squid (CH-Sq) CHs at a magnification of 8000×, 16,000×, and 30,000×,
respectively. Figure 6 presents SEM images with measurement of fibers thicknesses of shrimp (CH-Sh)
CH at 16,000× and 60,000×magnifications, and of squid (CH-Sq) CH at 5000×magnification.

At 8000× magnification (Figure 3) it is difficult to see any significant difference amongst the
different CH samples. At 16,000×magnification (Figure 4) it can be noticed that squid chitin fibers are
more organized than crab and shrimp CH samples. At 30,000×magnification (Figure 5) shrimp CH
showed two types of fibers; one forming the layers, and the other connecting the layers. Squid CH
layers have no connecting fibers.

The data in Figure 6 shows that the fibers forming shrimp CH layers have a thickness of ~200 nm
(Figure 6a), where the layers are about 1 μm apart, and the fibers connecting them have a thickness of
35–45 nm (Figure 6b). On the other hand, squid chitin layers are around 60 nm apart and no connecting
fibers can be observed at ×50,000 magnification (Figure 6c).
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Figure 3. SEM image of (a) crab (CH-Cr), (b) shrimp (CH-Sh), and (c) squid (CH-Sq) CHs at
8000×magnification.
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Figure 4. SEM image of (a) crab (CH-Cr), (b) shrimp (CH-Sh), and (c) squid (CH-Sq) CHs at
16,000×magnification.
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. 

Figure 5. SEM image of (a) crab (CH-Cr), (b) shrimp (CH-Sh), and (c) squid (CH-Sq) CHs at
30,000×magnification.
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Figure 6. SEM image with measurement of fiber thickness of (a) shrimp (CH-Sh) CH at 16,000×
magnification, (b) shrimp (CH-Sh) CH at 60,000× magnification, and (c) squid (CH-Sq) CH at
50,000×magnification.
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2.7. Compression Analysis

The three main parameters (a, Pk and ab) obtained via Kawakita analysis (as illustrated in
Section 4.2.7. Compression Analysis) were analyzed in an attempt to interpret the compression
behavior of the three samples of CH and their mixtures. The data in Figure 7 shows the Kawakita
plots of CH-Cr, CH-Sh, and CH-Sq CHs, and Figure 8 shows the Kawakita plots of shrimp/squid
CH mixtures; CH-Sh9Sq1, CH-Sh7Sq3, and CH-Sh5Sq5. Table 5 presents the values of Kawakita
parameters for the different chitin types and their mixtures.

Figure 7. Kawakita plots of crab (CH-Cr), shrimp (CH-Sh), and squid (CH-Sq) CHs.

Figure 8. Kawakita plots of CH-Sh9Sq1, CH-Sh7Sq3, and CH-Sh5Sq5 CH mixtures.

Table 5. Kawakita parameters of CH-Cr, CH-Sh, and CH-Sq and their mixtures.

Sample Slope Intercept (MPa) a = 1/Slope b = Slope/Intercept (1/MPa) ab (1/MPa) PK = 1/b (MPa)

CH-Cr 1.393 ± 0.066 7.84 ± 0.36 0.7179 0.178 0.127 5.63
CH-Sh 1.286 ± 0.061 9.94 ± 0.46 0.7778 0.129 0.101 7.73
CH-Sq 1.190 ± 0.056 3.65 ± 0.17 0.8406 0.326 0.274 3.06

CH-Sh9Sq1 1.266 ± 0.060 8.46 ± 0.39 0.7899 0.150 0.118 6.68
CH-Sh7Sq3 1.251 ± 0.059 8.30 ± 0.38 0.7997 0.151 0.121 6.64
CH-Sh5Sq5 1.243 ± 0.059 7.17 ± 0.33 0.8046 0.173 0.139 5.77

The maximum volume reduction that can be attained (a) illustrates that CH-Cr has the lowest
a value with CH-Sq having the highest volume reduction when a compression force is applied.
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In addition, the results of the three mixtures show that the volume reduction value increases with
increasing percentage of squid CH in the mixture.

PK, which represents the pressure needed to reduce the value of (a) to half its initial value, is
the most important Kawakita parameter to be tested. This is because it represents how hard the CH
granules are, and therefore their ability to be used in direct compression applications. Table 5 shows
that the PK value of shrimp CH (CH-Sh) is the highest among the three types of CH. PK value of
mixture containing shrimp and squid CHs at different fractional content; CH-Sh9Sq1, CH-Sh7Sq3,
and CH-Sh5Sq5, decreases with increasing squid CH fraction.

The last Kawakita parameter used in this work to describe the compression behavior is ab.
This parameter gives an indication of the degree of rearrangement of powder particles. As Table 6
shows, squid CH (CH-Sq) has the highest the extent of particle rearrangement (ab) upon compression.
The value of ab is the lowest for shrimp CH (CH-Sh). The data in Table 6 also indicates that mixtures
containing shrimp and squid CHs in different fractions; CH-Sh9Sq1, CH-Sh7Sq3, and CH-Sh5Sq5,
show ab values that increase with increasing squid fraction of CH.

Table 6. Heckel parameters of CH-Cr, CH-Sh, and CH-Sq and their mixtures.

Sample Slope (K) Intercept (A) PY(MPa)=1/K

CH-Cr 6.71× 10−3 0.7336 149
CH-Sh 2.69× 10−3 0.5739 372
CH-Sq 1.08× 10−2 0.8627 93

CH-Sh9Sq1 3.20× 10−3 0.5782 306
CH-Sh7Sq3 4.40× 10−3 0.6051 227
CH-Sh5Sq5 4.94× 10−3 0.6868 202

Compression analysis was further examined using the empirical Heckel model of compression
analysis. In this model, the yield pressure (PY) represents a critical outcome whereby it reflects the
type and extent of deformation, i.e., plastic/elastic or brittle-fracture. The data in Table 6 and Figure 9
illustrates the yield pressure values for all tested powders. Results show that PY ranking of pure CHs
follows the order: shrimp chitin > crab chitin > squid CH. Adding squid CH to shrimp CH reduced
the PY value, and the more squid CH content in the mixture, the lower its PY value: CH-Sh9Sq1 >
CH-Sh7Sq3 > CH-Sh5Sq5.

Figure 9. Heckel parameter (PY) for CH-Cr, CH-Sh, and CH-Sq and their mixtures.
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2.8. Work of Compression

When powders of different types are compressed using the GTP, the instrument displays the
force displacement curve during the descending/compression and decompression of the powders.
The work of compression (WC), which is the area under the compression curves of the of the F-D
profiles, is shown in Figures 10 and 11. WC values were calculated at each compression force used.
The results shown in Figure 10 indicate that at all loads, the WC of shrimp CH (CH-Sh) >WC of crab
CH (CH-Cr) >WC of squid CH (CH-Sq).

Figure 10. Compression work for CH-Cr, CH-Sh, and CH-Sq CHs.

Figure 11. Compression work for CH-Sh9Sq1, CH-Sh7Sq3, and CH-Sh5Sq5 CH mixtures in comparison
with pure CH-Sh and CH-Sq.

The data in Figure 11 demonstrates the effect of adding β-CH (CH-Sq) to α-CH (CH-Sh) in
different fractional contents. Mixtures containing different amounts of β-CH have WC values close
to each other at low compression loads (100 and 200 kg), while at higher loads WC decreases with
increasing the amount of added CH-Sq.
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2.9. Tablet Crushing Strength

Tablet crushing strength for CH from different sources are presented in Table 7. CH-Cr and CH-Sh
tablet crushing strength is almost half that of CH-Sq tablet crushing strength. The crushing strength of
the mixture is closer in value to that of CH-Sq.

Table 7. Tablet crushing strength.

Sample CH-Cr CH-Sh CH-Sq CH-Sh9Sq1 CH-Sh7Sq3 CH-Sh5Sq5

Crushing
Strength (N)

54 ± 2 115 ± 3 310 ± 5 121 ± 3 155 ± 4 195 ± 4

2.10. Tablet Disintegration

All tablets have recorded disintegration times of less than 10 s irrespective of CS source or mixtures
comprised thereof.

2.11. Characterization of Metronidazole/Spiramycin Tablets Comprising Drug/CH

Tablet dissolution data are illustrated in Table 8 and in Figures 12 and 13. Figure 12 demonstrates
that full drug release of metronidazole/α-CH (crab and shrimp) matrix is achieved within 15 min of
dissolution time. This is faster than tablets comprising metronidazole/β-CH (squid) matrix which
achieved full drug release within 30 min of dissolution time. Tablets comprising metronidazole/CH
mixture (50 wt% shrimp and 50 wt% squid) as well as Rodogyl® tablets also achieved full drug release
within 30 min of dissolution time.

Table 8. Time for full drug release for metronidazole® (125 mg) and spiramycin® (0.75 M UI) tablets
comprising compacted pure CHs from different sources, and CH mixture (CH-Sh5Sq5) compared to
Rodogyl® tablets.

Excipient Used in
Tablet Preparation

Metronidazole® Complete
Dissolution Time (min)

Spiramycin® Complete
Dissolution Time (min)

CH-Cr 15 45
CH-Sh 15 30
CH-Sq 30 45

CH-Sh5Sq5 30 45
Rodogyl® 30 60

Figure 12. Dissolution profile for metronidazole (200 mg) tablets comprising compacted CHs or CH
mixture (CH-Sh5Sq5) compared to Rodogyl® tablets.
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Figure 13. Dissolution profile of spiramycin (0.75 M UI) tablets comprising compacted CHs or CH
mixture (CH-Sh5Sq5) compared to Rodogyl® tablets.

Results presented in Figure 13 demonstrates that full drug release of spiramycin/shrimp CH
matrix was achieved within 30 min of dissolution time, and within 45 min of dissolution time for the
other types of CH, as well as for CH mixtures. This was faster than Rodogyl® tablets which achieved
full drug release within 60 min of dissolution time.

3. Discussion

The prime objective of the present investigation was to test CHs extracted from different sources
to assess their similarity and suitability for use as a future excipient in pharmaceutical solid dosage
form preparations. The final goal is to reach a conclusion whether remains from the sea food packaging
industry need to be classified according to their source prior to CH extraction process. This concern
becomes evident when one screens the different scientific literature on CH, where there are indications
that CH from different sources are chemically similar, but their mechanical properties vary [25].

The strategy followed in this work was to compare CH from crabs and shrimps, both of which
belong to α polymorph, in order to find out if the variation in CH source has any influence on the
extracted polymer compression and compaction properties. Furthermore, a comparison between
α and β-CH polymorphs extracted from squid pins, regarding their compression and compaction
behavior, was also conducted. Mixtures of the two polymorphs were also prepared, and their physical
and mechanical properties were studied. Whether or not these polymorphic forms could facilitate
compaction of two model drugs, namely metronidazole and spiramycin, which are difficult to compress
on their own, was tested.

It is well known that shrimps, crabs and squids are the most used organisms in the sea food
packaging industry [26]. These organisms differ in their species and their extracted CH is confined to
the three well characterized and known polymorphs; α, β and γ. It is essential to first confirm this
primary information. The Fourier-transform infrared (FT-IR) spectra of CH-Cr, CH-Sh, and CH-Sq are
shown in Figure 1. Distinct vibrational bands appear at a wavelength of 1620–1660 with a distinct
split in the band for α-chitin (Figure 1a,b), while there is a single sharp band for β-CH (Figure 1c).
This confirms different previous reports on CH of α and β polymorphs [23,27]. Further confirmation
of the polymorphic type was carried out using X-ray powder diffraction, Figure 2. The γ polymorph is
scarce due to its limited occurrence in the lining of the digestive system of different organisms such as
squid. Consequently, the present investigation was limited to a comparison of the compression and
compaction behavior of the most commercially available two polymorphs, α and β. Such a comparison
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helps to clarify if the source of CH extraction causes variation in their related mechanical properties
when compacted.

In addition to identifying polymorphic forms of molecules, XRPD has been used as a tool to
shed light on the crystallinity and arrangement of CH in different polymer fibers. Figure 2 confirms α
polymorph in CH-Cr and CH-Sh, and β polymorph in CH-Sq. The crystalline index, Table 5, shows that
the α polymorph is more crystalline than the β polymorph; 84–85% in CH-Cr and CH-Sh, and 73% in
CH-Sq. SEM images, Figures 3–6 show the parallel arrangements of β-CH sheets with clear spacing.
This is indicative of their ability to hydrate and gel much more than α polymorph [23,27]. Interestingly,
the β polymorph shows a smaller pore size and pore volume which may indicate that the value of the
parameter a (the capillary water effect) may contribute to its functional strength and flexibility in squid
pins. Indeed, the water content determination of CH-Sq shows almost double the value of Ch-Cr and
CH-Sh (Table 3). This dramatic variation in water content is an important difference which can be
beneficial in the use of CH as excipients for pharmaceutical solid dosage forms. Water content results
are consistent with the fact that β-CH (CH-Sq) is more susceptible to intra-crystalline hydration than
α-CH (CH-Cr and CH-Sh) due to its lack of intra-sheet hydrogen bonds [23].

Bulk densities of the three types of CH (Table 2) are different although shrimp and crab are similar
in polymorphic form. The difference between shrimp and crab CH measured bulk densities may be
due to a difference in material arrangements in nature in those living organisms depending on their
functional use. Such variation has been previously reported, where extracted CHs from male and
female grasshoppers show some differences in CH content and surface morphology [27]. Accordingly,
one would expect to observe some variations in CH extracted even from the same species. The higher
crab and shrimp chitin bulk densities indicate that these powder samples comprise denser aggregated
particles. Such aggregation could be a result of particle-particle adherence which may be attributed to
the highly fibrous structure of CH-Cr and CH-Sh, whereas CH-Sq displays a structure which is much
less fibrous (Figures 5 and 6). The plain surface of CH-Sq with no fibrous extensions is responsible
for the absence of an interlocking structural network, which consequently leads to the formation of
aggregated particles in CH-Cr and CH-Sh.

As expected, all types of CH did not provide good flowability as indicated by their HR and CI
values (Table 2), which is attributed to their low bulk densities. The foregoing has led, various workers,
to suggestion that these powders be treated by roller compaction or slugging before using them as
excipients [8]. Thus CH-Sh would be more favorable for tablet compression than CH-Cr and CH-Sq
since it has the lowest HR and CI values.

Parameters from Heckle and Kawakita equations indicate that shrimp powder is more resistance
to compression than the other two sources. This is reflected in the force required for compression (PK)
which is significantly higher in value than for the other two CH samples (Table 6). Such variation makes
the work required for compression higher, as emphasized in the data in Figure 10. Indeed, this is a real
indication that differences in CH properties, such as bulk and tapped densities, are reflected in the
compression forces required to convert the powders into compacts. The mechanical properties of CH
are similar to cellulose derivatives e.g., micro crystalline cellulose (MCC), where reports have shown
that various cellulose polymorphs behave differently in response to compaction forces. MCC requires
a disintegration agent when used in tablet manufacturing whilst CH powders are self-disintegrating.
This is advantageous in terms of the use of CH for pharmaceutical dosage forms which need to be
dissolved in the buccal cavity.

The three parameters extracted from the Kawakita equation, namely a, ab, and PK, are interesting.
CH from different sources, which show differences in particle morphology and crystallography,
has concurrently shown differences in powder compression behavior. Among the three types,
CH-Sq (β-CH) displays the highest volume reduction (a), particle rearrangement (ab), and the lowest
compression force (PK) to reduce the powder bed volume (Table 6). In other words, in order to produce
a compact, CH-Sq requires the smallest force to yield the highest volume reduction in comparison with
CH-Cr and CH-Sh (α-CHs). This may be attributed to the anti-parallel and parallel arrangement of α-
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and β-polymorphs, respectively. As a matter of fact, CH-Cr and CH-Sh responses to compression vary
although they belong to the same polymorph. This may be due to variation in the mechanical strength
of the extracted materials. Concurrently, examining the results from Heckel analysis (Table 7) CH-Sq is
the highest plastically deforming material, it can be stated that compression of the less fibrous and less
aggregated material, i.e., CH-Sq, is more mechanically engaged in the deformation of the highly plastic
material than the more fibrous one, i.e., CH-Cr and CH-Sh. Such a high extent of deformation shown
by CH-Sq contributes to the high reduction of its powder bed volume upon compression compared to
CH-Cr and CH-Sh. Moreover, the high extent of deformation of CH-Sq enables the appearance of fresh
new surfaces for surface-to-surface contact and bridging [28,29]. Thus, compacts made of CH-Sq have
a higher crushing strength than compacts made of CH-Cr and CH-Sh (Table 8).

Although the α-polymorph is more resistant to reduction in size compared to the β-polymorph,
such behavior does not hinder both polymorphs from possessing an excellent crushing strength and
very short disintegration time. This means direct compression of these individual powders can be
utilized in preparing tablets or films which can dissolve in the mouth within seconds liberating the
active content. This property can be highly advantageous and utilized in oral dissolving tablets,
which are required to dissolve fast but at the same time be composed of a hard compact. The extracted
CH polymorphs fit very well for such a function and future research potentially bodes well in this
direction. However, due to its fast dissolving characteristics, CH can be used as a disintegrating agent;
indeed, this has been previously reported [1,11]. Both polymorphs can be used as direct compression
excipients in pharmaceutical formulations, either as whole or partially, and their need for a driving
force for compaction is low, allowing ease of use in tableting machines.

Bearing in mind that the work/energy of compression is the product of force and displacement,
CH-Sq manifested the lowest energy needed for compression (Figure 10), since it manifested the
lowest compression force (or lowest PK) needed to produce the hardest compacts (Tables 6 and 8).
Irrespective of the fact that hard compacts can be made using CH-Sq, a disintegration time of less
than one minute, like other CH sources, makes the super-disintegration power of CH independent of
tablet hardness.

The dissolution performance of formulations containing CH from different sources was studied
and compared with Rodogyl® formulation, which contains a superdisintegrant and a filler with
disintegrant action [29] in addition to two drugs: spiramycin and metronidazole. The drug release
profile for the two drugs formulated with CH-Cr, CH-Sh, and CH-Sq and the mixture CH-Sh5Sq5
showed that 8.3% CH was sufficient to attain faster and complete drug release compared to Rodogyl®,
for both spiramycin and metronidazole (Figures 12 and 13). However, the release of the two drugs in
formulations containing CH-Sq was slightly slower than that in formulations containing CH-Cr and
CH-Sh. Nevertheless, the mixture containing CH-Sh5Sq5 speeded up the drug release from CH-Sq
formulations for both drugs. This makes it necessary to use more than one source of CH in the drug
formulations. Thus, a combination of CH sources is recommended to attain optimized tablet physical
properties and optimum drug release profile.

Mixtures of CH polymorphs demonstrate an optimized action when compacted. This results in a
satisfactory mixture suitable to be compressed and compacted. At first glance, this may suggest to gather
remains from sea food packaging industry without classification, but such process shall yield CH with
different characteristics depending on the percentage of squid remains involved in extraction process.
Such operational procedure will result in lack of consistency in the extracted CH in each produced
batch, which would in turn influence the manufactured dosage forms. Consequently, separating the
organisms before CH extraction would yield a homogeneous CH powder, enabling pharmaceutical
formulator to take advantage when formulating dosage forms by adding the required polymorph
in the formulation stage depending on required properties. Alpha polymorph CH is reasonably
less expensive than beta polymorph which reserve this polymorph for certain required formulation
functions. Indeed, this polymorph can be used to form tablets or films with excellent hardness
capable of withstanding mechanical vibrations encountered throughout manufacturing, packaging and
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transferring steps. The main advantage of CH as an excipient is its ability to form hard compacts with
a very short disintegration time. This gives this excipient an advantage compared to excipients based
on cellulose derivatives, without any need to add a disintegrating agent to formulations containing
CH. Thus, CH is a suitable future excipient. Differences in sources or polymorphic form extend its
usage particularly as a solid dosage form excipient suitable for drugs required to be released in a
very-short time. CH must be extracted using a single species process, whereby the extracted CH has a
well-defined function.

As a general remark, these raw excipients must be exposed to a process of compaction; for example,
by using roller compaction, as has been previously reported by our group [8]. The variation in
compaction properties between different sources of CH and their mixtures suggest that separation
of sources yielding different polymorphs has an advantage in producing excipients with functional
properties e.g., as a disintegrant or as filler. CH is chemically and pharmacologically inert and can be
considered as a future pharmaceutical excipient.

4. Materials and Methods

4.1. Materials

CH powder from shrimp (CH-Sh) was obtained from G.T.C. Bio Corporation (Qingdao, China).
The powder was sieved and the portion of particle size less than 90 μm was used for further analysis,
characterization and testing. CH samples from crab (CH-Cr) and squid (CH-Sq) were also obtained
from G.T.C. Bio Corporation in the form of flakes and fibers, respectively. They were ground using
a ring mill, the powder was sieved and the portion of particle size less than 90 μm was used for
further analysis, characterization, and testing. To study the effect of mixing chitin from different
sources, CH-Sh was chosen as representative of α-chitin, and mixed with CH-Sq (β-chitin) using the
compositions shown in Table 9; these mixtures were characterized and analyzed.

Table 9. Composition of CH mixtures (weight %).

Mixture CH-Sh CH-Sq

CH-Sh9Sq1 90 10
CH-Sh7Sq3 70 30
CH-Sh5Sq5 50 50

4.2. Methods

4.2.1. True, Bulk, and Tapped Density Measurement, and Flow Determination

The bulk density of chitin powder samples (shrimp, crab and squid) in g/mL was measured by
pouring the powder into a 25 mL volumetric cylinder. The bulk density of all samples was calculated
as the ratio of the mass over the volume it occupies. Tapped density measurements were carried out by
physical tapping of the cylinder for 100 mechanical taps then dividing the mass over the tapped volume.
The cylinder was tapped again for 200 mechanical taps. If the decrease in volume (V100–V200) was less
than 2 mL then the V200 was considered. If the difference was greater than 2 mL, the increments are
repeated, such as the 200 taps, until the difference between succeeding measurements was less than or
equal to 2 mL.

The reduction in powder bulk volume due to tapping is considered to be an indication of powder
flowability which was evaluated by the Hausner ratio (HR) and Carr Index (CI). As HR and CI increase
in value, the flowability is reduced.

HR is calculated using Equation (1), and CI is calculated using Equation (2):

HR =
ρtapped

ρbulk
(1)
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CI = 100×
(
ρtapped − ρbulk

ρbulk

)
(2)

Flow interpretation criteria based on HR and CI is given in the literature [21]. True density was
determined by fitting compaction data, i.e., compaction pressure versus tablet density, according to the
method reported by Sun [30].

4.2.2. Water Content Determination

CH samples were analyzed for water content by placing the samples in a porcelain crucible and
drying them in a conventional oven at 105 ◦C to constant weight.

4.2.3. Determination of the Porosity of Powders

Brunauer-Emmett-Teller (BET) pore volume, and pore diameter were determined by physical
adsorption of nitrogen gas using a Nova 2200 multi-speed high gas sorption analyzer (version 6.11,
Quantachrome Co., Syosset, NY, USA). Samples were subjected to nitrogen gas for adsorption under
isothermal conditions at 77 K. The samples were initially placed in a vacuum oven at 60 ◦C for 24 h.
An empty reference cell (Sartorius, analytic, A120s, Göttingen, Germany) and the sample (~500 mg)
were placed in the chambers.

4.2.4. FTIR Spectrophotometry

IR spectrophotometry was carried out using Perkin Elmer Spectrum Two UATR FTIR spectrometer
(Akron, OH, USA) with a resolution of 4 cm−1, data interval of 2 cm−1 and a scan speed of 0.2 cm/s
operating in the range of 450–4000 cm−1. The ATR sample base plate was equipped with a Diamond
ZnSe crystal; an infrared background was collected for all FTIR measurements. Samples (2–5 mg) were
placed on the ATR crystal and a pressure was applied to compress the sample in order to obtain the
spectra. The IR spectra of CH samples (raw, ball milled, and roller compacted) were examined.

4.2.5. X-ray Powder Diffraction (XRPD), Crystalline Index (ICR) and Degree of Deacetalyion (DDA)

XRPD test was carried out using an X-ray powder diffractometer (Bruker, Karlsruhe, Germany)
in 2-theta range of 2–40◦ 2θ in reflection mode. The X-ray compartment is a D2 Phaser comprising

a copper tube, using Kα X-rays of 300 watts of power at 1.54184 Ǻ wavelength. DIFFRAC.SUITE™
computer software was used to analyze the data obtained.

The crystalline index (ICR) was calculated from the normalized diffractograms. The intensities
of the peaks at 110 lattices (I110, at 2θ � 20◦ corresponding to maximum intensity) and at 2θ � 16◦
(amorphous diffraction) were used to calculate ICR using Equation (3) according to Al Sagheer et al. [22]:

ICR = 100×
(

I110 − Iam

I110

)
(3)

Chitin degree of deacetylation (DDA) is estimated using a method reported Zhang et al. [24],
which reported the linear correlation between the crystalline index (ICR) and the degree of chitin
deacetylation (DDA) shown in Equation (4):

ICR(%) = 103.97− 0.7529 DDA(%) (4)

4.2.6. Scanning Electron Microscopy (SEM)

The morphology of samples was determined using a Inspect F50 SEM (FEI Company, Eindhoven,
The Netherlands), operated at an accelerating voltage from 1–30 kV. Samples (≈0.5 mg) were mounted
on graphite tape to an aluminum stub. The powder was then sputter-coated with platinum (Emitech
K550X, Qourum Technology, Lewes, UK).
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4.2.7. Compression Analysis

CH powder samples (crab, shrimp, squid, and their mixtures) were compressed into tablets using
an instrumental single punch bench top tablet press (GTP-1, Gamlen Tablet Press Ltd., Nottingham,
UK). Compression was carried out at a punch speed of 60 mm/min by applying five different loads:
100, 200, 300, 400, 500 kg. The samples poured into the die of the GTP had a common weight of
100 ± 1 mg. The diameter of the die was 6 mm. The machine was run by software to display the
force-displacement (F-D) curve. Kawakita and Heckel models (Equations (5) and (7), respectively)
were utilized to describe the compression analysis of the powders [31,32].

Kawakita analysis describes a linear relationship between the ratio P/C and P, Equation (5),
where P is the pressure in MPa, and C is the volume reduction. From the slope and intercept of this
relationship, constants ‘a’ and ‘b’ can be deduced; ‘a’ represents the maximum volume reduction that
can be attained by the powder. ‘1/b’ or ‘PK’ is another parameter that represents the force required to
reduce the powder bed volume to half its maximum value:

P
C

=
P
a
+

1
ab

(5)

Volume reduction (C) is calculated using Equation (6):

C = 1− ρb

ρc
(6)

where ρb and ρc are bulk and compact densities (kg/m3), respectively.
Heckel analysis describes a relationship between the logarithm of the inverse of compact porosity

(ε) and the pressure applied, as shown in Equation (7):

ln
1
ε
= KP + A (7)

Porosity is calculated using the Equation (8):

ε = 1− ρr (8)

where ρr is the relative density of the compact, and is calculated using the Equation (9):

ρr =
ρc

ρT
(9)

where ρc and ρT are compact and true densities (kg/m3), respectively.
The inverse of the Heckel equation slope or ‘1/K’ is an important parameter which assigns

Sh5Sq5the type of deformation of materials; whether plastic/elastic or brittle-fracture. This parameter
is called the yield pressure and is signified by the symbol ‘PY’.

4.2.8. Application of Chitin Excipient Using Metronidazole/Spiramycin as Model Drugs

For dissolution analysis, a sample (100 g) comprising 56.3 g of spiramycin, 30.1 g of metronidazole,
1.9 g of sorbitol powder (solubilizer), and 8.7 g of CH (either CH-Cr, CH-Sh, CH-Sq, or the mixture
CH-Sh5Sq5) were granulated with 100 mL of 3% w/w povidone K30 aqueous solution. The granules
were dried at 60 ◦C for 3 h, then sieved at mesh #18 (particle size = 1 mm). A sample of 415 mg
was compressed using a Manesty single punch tablet machine (Manesty F3 single stroke tablet press;
West Pharma Services Ltd., Dorset, UK) at an applied force of 35 kN using a 10 mm circular shallow
biconvex punch. Rodogyl® tablets were used as a reference.

Apparatus II (USP) dissolution tests were performed using an Erweka DT6 system
(Langen, Germany) with paddles running at 50 rpm. 900 mL of 0.1 N HCl was used as the dissolution
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medium. The amount of drug released was analyzed by measuring the absorbance using a UV
spectrophotometer (LABINDIA UV/VIS, UV 3000, Maharashtra, India) at a wavelength of 320 nm for
metronidazole, and of 230 nm for spiramycin.

For crushing force and disintegration tests, 415 mg of chitin powder (either CH-Cr, CH-Sh, CH-Sq,
or the mixtures CH-Sh9Sq1, CH-Sh7Sq3, and CH-Sh5Sq5) was compressed using the Manesty single
punch tablets machine at an applied force of 35 kN using a 10 mm circular shallow biconvex punch.
The average crushing force and disintegration time of 10 chitin tablets produced were measured using
crushing force tester (Pharma Test PTB 311E. Hainburg, Germany) and disintegration tester (CALEVA,
Dorest, UK), respectively.

5. Conclusions

Chitin is chemically and pharmacologically inert and can be considered as a future pharmaceutical
excipient especially for immediate release tablets, as it can form hard compacts with a very short
disintegration time. Depending on the source, CH varies marginally in compression properties.
Consequently, CH must be extracted using a single species process. Variations in polymorphic form
would not hinder the use of chitin as a pharmaceutical excipient. In order for an excipient comprising
chitin to perform ideally in compression and compaction properties, α- and β- polymorphic types
would be mixed. In this perspective, α-CH will provide the high bulk density, good flowability,
and low water absorption aspects, whereas the β-polymorph will provide the mechanical strength.
These aspects were attributed to the difference in crystallinity, fibrous nature, pore size and pore
volume of α- and β-CHs.
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